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ABSTRACT 


This  investigation  was  undertaken  to  develop  and  apply  new  measure¬ 
ment  techniques  for  obtaining  the  small-signal  and  large-signal  microwave 
characteristics  of  ceramic  nonlinear  dielectrics. ^To  this  end,  three 
different  studies  were  made. 

transmission  method  for  measuring  the  small-signal  complex  dielec¬ 
tric  constant  was  derived  and  is  described  in  detail.  Measurements  were 
made  on  representative  ceramics  in  the  X-band  frequency  range,  and  the 
results  are  given  as  curves  of  the  real  part  of  the  relative  dielectric 
constant  and  of  the  loss  tangent  as  functions  of  temperature  with  dc  bias 
levels  up  to  32  kv/ciu. 

An  experimental  curve  of  the  relative  dielectric  constant  of  a 
7 %  barium  titanate-27^  strontium  titanate  ceramic  was  obtained  for  the 
frequency  range  of  3  to  270  KMc .  The  millimeter  wavelength  charac¬ 
teristics  were  obtained  by  measuring  the  transmission  through  a  modified 
Fabry-Perot  interferometer  and  show  tnat  tn^celative  dielectric  constant 
remains  at  approximately  2000  up  to  60  ,<Mc,  but  tV»en  decreases  with 
increasing  frequency  to  a  value  of  500  at  270  kMe.^A  curve  showing  the 
per  cent  change  of  the  relative  dielectric  constant  over  the  temperature 
range  from  95%  to  123%  (the  Curie  temperature  is  approximately  72%) 
was  also  obtained.  The  curve  shows  that  this  measure  of  the  temperature 
nonlinearity  has  ajtoaximum  of  hi/fc  at  60  kMc  but  decreases  rapidly  with 
increasing  frequency  to  become  zero  at  150  kMc,  thus  indicating  that  ,r.e 
polarization  mechanism  giving  rise  to  the  peak  of  the  dielectric  constant 
at  (t^e  Curie  temperature  undergoes  a  relaxation  in  this  frequency  interval. 

The  large-signal  microwave  characteristics  of  a  nonlinear  dielectric 
were  measured  at  3  H^c  by  using  a  re-entrant  coaxial  cavity  in  wnich  a 
cylindrical  post  of  the  ceramic  was  placed  in  the  region  of  high  electric 
field  intensity^ An  equivalent  circuit  for  the  cavity  was  derived,  and 
power  series  expansions  were  made  for  the  large-signal  dielectric  constant 
and  rf  conductivity  of  the  ceramic  and  included  in  the  nonlinear  differ¬ 
ential  equation  describing  the  equivalent  circuit.  A  condition  on  the 
solution  of  the  differential  equation  wa3  'Obtained  which  describes  the 
response  of  the  cavity  to  a  constant  level  of  incident  power.  The  linear 
terms  in  the  differential  equation  were  evaluated  with  small-signal 
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me^curements,  and  curves  of  the  lar^e-signal* response  o?  the  ct-vity  were 
obtained  as  functions  of  frequency  and  incident  power.  The  first-order 
nonlinear  terns  in  the  expansions  for  the  large-signal  dielectric  constant 
and  rf  conductivity  were  evaluated  by  fitting  theoretical  curves  calcul¬ 
ated  from  the  condition  on  the  solution  of  the  differential  equation  to 
the  experimental  curves  of  the  cavity  response.  The  resulting  value  of 
the  rf  conductivity  is  8.5  +  (5.7  x  lCf12  ±  2.4  x  lO"12)^  mhos/meter  and 
that  of  the  dielectric  constant  is  €Q[2200  -  (6.5  x  10"U  ±  1.6  x  lO'^E2], 
where  E  is  the  electric  field  intensity  in  volts/meter  and  is  the 
dielectric  constant  of  free  space. 
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INTRODUCTION 

In  the  last  few  years  increased  interest  has  focused  on  the  use  of 
ferroelectrics  in  microwave  devices.  The  fundamental  characteristic  of 
a  ferroelectric  is  that  the  curve  of  the  material's  polarization  restat¬ 
ing  from  the  application  of  a  low-frequency  electric  field  has  the  shape 
of  a  hysteresis  loop.  When  a  ferroelectric  crystal  is  iieated  through  a 
particular  temperature,  called  the  Curie  temperature  (or  simply  Tj, 
the  polarization  will  reach  a  sharp  peak  and  then  drop.  Above  Tc  the 
material  will  no  longer  be  ferroelectric ;  however  it  may  exhibit  non¬ 
linearity  with  respect  to  the  applied  electric  field  over  a  considerable 
temperature  range.  In  addition,  the  rf  losses  in  the  material  decrease 
above  Tc  .  Ferroelectric  ceramics  display  the  same  general  character¬ 
istics  but  the  Curie  temperature  is  not  so  well  defined,  and  the  peak  of 
polarization  at  T,  is  neither  as  high  nor  as  sharp  as  that  of  the  cor¬ 
responding  crystal. 

It  is  this  nonlinearity  above  ,  i.e.,  the  dielectric  constant 
being  a  function  of  the  applied  electric  field  strength,  that  is  of 
interest  for  microwave  devices.  Among  the  many  possible  small-signal 
applications  of  nonlinear  dielectrics  are  cavity  tuning,  phase  shifting, 
tunable  filtering,  and  switching;  and  possible  large-signal  applications 
include  frequency  multiplying  and  parametric  amplifying. 

Tne  use  of  ceramic  nonlinear  dielectrics  has  several  advantages  over 
other  presently  available  nonlinear  elements:  the  ceramics  can  be  cut  or 
ground  to  almost  any  desired  shape,  they  require  no  bulky  and  expensive 

biasing  equipment  since  they  are  biased  by  electric  fields,  and  their  dc 
12 

resistance  is  typically  10  ohm  cm, so  that  the  current  drain  on  a  bias 
supply  is  small.  They  have  high-power  handling  capabilities,  can  be 
tuned  rapidly,  are  isotropic  when  no  bias  is  applied,  and  are  relatively 
simple  to  make. 

At  present  there  are  several  disa&.antages.  Most  nonlinear  ceramics 
now  offered  commercially  have  high  dielectric  constants  and  relatively  high 
loss.  Although  a  high  dielectric  constant  is  desirable  for  some  appli¬ 
cations,  such  as  capacitor  miniaturization,  it  is  a  decided  disadvantage 
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at  microwave  frequencies  because  of  the  difficulty  met  in  matching  into 
and  out  of  the  materials  and  because  an  electrically  large  element  will 
usually  be  physically  small  and  may  require  precision  fabrication.  The 
ceramics  are  temperature  sensitive;  however,  often  they  can  be  manufac¬ 
tured  to  have  a  high  enough  operating  temperature  so  that  temperature 
stabilization  can  be  obtained  with  a  simple  theraosvitch  and  heating 
element.  Single  crystals  of  e  few  ferroelectrics  jure  available;  but  they 
are  difficult  to  grow,  expensive,  small  in  size,  and  strongly  anisotropic 
even  without  bias.  They  also  have  a  higher  dielectric  constant  than  the 
corresponding  ceramic  and  are  extremely  temperature-sensitive. 

There  were  three  main  objectives  to  this  project: 

(1)  To  develop  a  technique  for  measuring  the  small-signal  complex 
dielectric  constant  of  low-loss,  nonlinear,  ceramic  dielectrics;  to  obtain 
curves  of  the  dielectric  constant  as  a  function  of  temperature  and  dc  bias 
in  the  8  to  12  kMc  frequency  range;  and  to  derive  the  expected  behavior 
when  used  in  several  devices. 

(2)  To  measure  the  frequency  variation  of  the  small-signal  dielec¬ 
tric  constant  of  a  ceramic  nonlinear  dielectric  at  millimeter  wavelengths. 

(3)  To  develop  a  technique  for  measuring  the  large-signal  behavior 
of  one  of  the  ceramics  used  in  the  small-signal  measurements,  and  to 
obtain  curves  with  which  the  expressions  derived  to  describe  the  large- 
signal  behavior  can  be  evaluated. 

Each  of  the  following  three  chapters  in  this  report  describes  the 
manner  in  which  one  of  the  above  objectives  was  attained. 

In  Chapter  II  the  derivation  and  use  of  a  new  type  of  transmission 
measurement  technique  is  described.  This  technique  is  particularly  well 
suited  for  quickly  measuring  the  small- signal  complex  dielectric  constant 
of  high-permittivity  ceramics.  The  measurement  results  for  several  repre¬ 
sentative  materials  are  given  in  the  form  of  curves  of  the  real  part  of 
the  relative  conplex  dielectric  constant  and  the  loss  tangent  as  a  function 
of  temperature  and  bias.  The  results  for  a  ceramic  of  73}  barium  titan- 
ate-27j»  yorontium  titanate  are  used  to  predict  theoretically  behavior 
of  a  phase  shifter  and  a  tuned  cavity. 

In  Chapter  III  the  measurements  made  at  millimeter  wavelengths  are 
reported  and  the  results  plotted  as  functions  of  frequency.  One  curve 
gives  the  relative  dielectric  constant  and  a  second  shows  the  per  cent 
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change  of  the  relative  dielectric  constant  in  a  stated  temperature  interval. 
The  frequency  varied  from  approximately  50  to  270  kMc. 

In  Chapter  IV  a  new  measurement  technique  is  described  for  obtaining 
the  coefficients  of  the  tvo-pover-series  expansions  used  to  describe  the 
nonlinear  behavior  of  a  ceramic  dielectric  when  subjected  to  large  signals. 
The  measurements  were  made  with  a  coaxial  re-entrant  cavity  that  contained 
a  cylinder  of  the  dielectric.  The  power-series  expansions  for  the 
nonlinear  capacitance  and  the  nonlinear  conductance  representing  the  di¬ 
electric  in  a  lumped  equivalent  circuit  of  the  cavity  are  used  in  the 
differential  equation  of  the  circuit,  and  a  condition  on  the  solution  of 
the  differential  equation  is  derived.  Curves  of  the  response  of  the 
cavity  were  obtained  and  are  given  as  a  function  of  the  drive  frequency 
for  various  incident  power  levels.  These  curves  were  then  used  with  the 
condition  on  the  solution  of  che  differential  equation  to  obtain  the  co¬ 
efficients  in  the  power-series  expansions.  The  cavity  and  its  design  are 
described  as  is  the  method  used  to  fabricate  the  dielectric  cylinders. 

The  derivations  are,  for  the  most  part,  given  in  the  appendices. 


-  3  - 


CHAFKH  II 


SMALL-SIGNAL  MICROWAVE  CHARACTERISTICS 
A.  INTRODUCTION 

The  design  of  stall-signal  microwave  devices  employing  a  nonlinear 
element  Is  greatly  facilitated  by  the  use  of  curves  that  specify  the 
electrical  characteristics  of  the  element  as  a  function  of  its  design 
parameters. 

In  the  case  of  a  ceramic  nonlinear  dielectric,  the  macroscopic  small- 
signal  electrical  characteristics  can  be  described  by  the  dielectric 
constant,  relating  the  electric  flux  density,  D  ,  and  the  electric  field 
intensity,  f  ♦ 

S  -  €$  *  e0*2  ,  (1) 

where  is  the  dielectric  constant  of  free  space, 

k  is  the  relative  dielectric  constant. 

In  general,  c  can  vary  with  both  the  magnitude  and  direction  of  the 
electric  field  intensity  vector.  However,  since  the  small-signal  charac¬ 
teristics  were  desired,  the  rf  power  levels  used  for  the  measurements 
described  in  this  chapter  were  sufficiently  small  (one  milliwatt  or  less) 
so  that  dD/dB  could  not  vary  during  an  rf  cycle.  In  this  chapter, 
therefore,  the  value  of  €  is  considered  to  be  a  constant  at  any  given 
temperature  and  dc  bias  voltage.  It  is  customary  to  include  the  effects 
of  the  loss  mechanisms  in  a  material  by  defining  the  complex  dielectric 
constant 


e  -  «•  -  j«"  (2) 

or  the  complex  relative  dielectric  constant 

*  *  **  -  Jit"  •  (3) 

The  losses  in  a  material  can  also  be  described  by  the  loss  tangent 


tan  6  »  -p-  i 


(*) 


It  is  easily  shown  that  e"  ,  or  tan  5  ,  corresponds  to  a  loss  by  using 
Eq.  (2)  in  the  Maxwell  curl  equation, 

SJx  S  =  =»  ^  =  (Jcoe'  +  toe”)i£  *  (Jose’  +  o)£  ,  (5) 
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where 

i 

is  assumed  to  vary  in  time  as  and 

a 

is  the  dielectric  conductivity; 

hence, 

0  *  use"  *  cue1  tan  6  . 

(6) 

The  desired  electrical  characteristics  of  the  ceramics  are  completely 
specified  by  the  real  part  of  the  relative  dielectric  constant,  ,  and 
the  loss  tangent,  tan  5  . 

The  k*  and  tan  6  of  these  materials  undergo  radical  changes  with 
variations  of  either  the  temperature  or  an  applied  dc  electric  field; 
hence  dc  bias  and  temperature  are  the  design  parameters  sought  and  should 
be  controlled  in  any  measurement  technique. 

There  are  many  methods  available  for  measuring  the  dielectric  con- 
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stant  of  materials  at  mi crow?  s  frequencies.  '  However,  since  the 
nonlinear  ceramics  present  a  large  discontinuity  to  an  impinging  wave 
because  their  relative  dielectric  constant  is  usually  greater  than  1000, 
the  standard  techniques  which  involve  a  measurement  of  the  standing  wave 
in  front  of  a  sample  or  the  motion  of  a  3hort  on  the  load  side  of  a  sample 
are  of  little  use. 

One  measurement  method,  described  by  von  Hippel,^  used  by  Jaynes 
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and  Varenhorst,  and  later  adopted  by  other  investigators,  1  *7  involves 

terminating  a  coaxial  line  vitn  a  small  piece  of  dielectric  placed  between 
the  end  of  the  center  conductor  and  a  shorting  plane.  This  geometry 
terminates  the  line  with  a  capacitive  load  and  allows  the  dielectric 
constant  to  be  measured  as  a  function  of  temperature  and  dc  bias  (applied 
between  the  center  conductor  and  the  shorting  plane).  This  method  in¬ 
volves  obtaining  the  magnitude  and  phase  of  the  impedance  of  the  termina¬ 
ting  element  by  measuring  the  VSVIR  and  the  position  of  the  minimum  in  the 
line. 

It  was  felt  that  there  were  two  basic  difficulties  with  this  type  of 
measurement.  The  first  is  that,  as  the  frequency  of  measurement  ncreases, 
it  beco.uec  increasingly  difficult  to  obtain  the  required  ac<"  icy  and 
virtually  impossible  to  employ  the  methc.  at  or  above  8  kite  since  the 
measurement  tolerances  become  impossibly  small.  The  second  is  that  most 
of  the  materials  change  their  characteristics  when  subjected  to  mechanical 
stress,  and  such  a  stress  can  be  applied  when  the  sample  is  placed  in 
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position  for  measurement.  Furthermore,  stresses  can  be  cst  bp  within  the 
ceramics  either  in  their  manufacture  or  fabrication.  In  any  case,  the 
result  will  be  that  the  measured  complex  dielectric  constant  will  not 
characterize  the  unstressed  material.  A  measurement  technique  should  be 

able  to'  show  whether  or  not  the  material  is  anisotropic. 

-  *  *  2 

A  transmission- type  measurement  was  employed  by  Powles  and  Jackson 

In  which  a  slab  of  dielectric  was  placed  across  a  waveguide  with  the 
faces  of  the  dielectric  perpendicular  to  the  axis  of  the  guide.  The 
transmission  through  the  sample  was  taken  as  a  function  of  frequency. 

As  the  frequency  at  which  the  sample  was  an  integral  multiple  of  half 
wavelengths  long  was  approached,  the  transmission  rose  to  a  peak.  This 
behavior  is  analogous  to  that  of  the  current  flow  through  a  lumped-element- 
series  resonant  circuit  when  the  frequency  of  the  applied  voltage  approaches 
the  resonant  frequency.  The  dielectric  constant  was  determined  from  the 
frequencies  of  two  adjacent  peaks  of  transmission.  They  found,  however, 
that  their  experimental  setup  was  unsuitable  for  measuring  the  real  part 
of  the  relative  dielectric  constant  when  greater  than  200,  and  abandoned 
this  method  in  favor  of  another  that  involved  ^ae  use  of  dielectric 

matching  sections  and  the  measurement  of  front-face  impedance. 

3 

Schmitt^  also  used  a  waveguide  transmission  measurement  method  in 
which  a  crystal  was  placed  in  back  of  the  sample  to  measure  the  trans¬ 
mitted  power.  The  match  of  the  crystal  was  controlled  by  an  I-H  tuner; 
hence  his  measurements  were  made  at  a  single  frequency,  9*^  kMc,  and 
involved  changing  the  sample  thickness  to  obtain  the  maximum  of  tra  *»- 
mission.  Ee  also  applied  a  dc  voltage  across  the  whole  sample  to  obtain 
the  bias  dependency  of  the  complex  dielectric  constant. 

Davis  and  Rubin**  measured  (with  a  microwave  bridge  at  3.00  kMc)  the 
shift  in  phase  of  a  wave  traversing  a  sample  of  nonlinear  dielectric 
which  filled  the  cross  section  of  a  7/8"  coaxial  line.  The  shift  in  phase 
and  the  attenuation  through  the  sample  yielded  the  complex  dielectric 
constant.  They  applied  bias  between  the  inner  and  outer  conductor  of 
the  coaxial  line  and  cemented  a  quarter-wave  matching  secti^u  of  a  linear 
dielectric  onto  both  sides  of  the  nonlinear  dielectric.  This  method 
would  be  difficult  to  use  at  higher  frequencies  and  would  require  fabri¬ 
cating  samples  for  each  frequency. 
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After,  a  consideration  of  the  methods  end  experience*  of  these  authors 
and  after  preliminary  experimental  investigations,  it  was  decided  that  a 
nev  transmission*  type  measurement  technique  should  be  devised  *  Tbs  sample 
geometry  employed  would  resemble  that  used  by  Povles  and  Jackson;  that  is, 
the  sample  of  ceramic  nonlinear  dielectric  would  be  placed  across  the  guide 
with  no  matching  sections.  She  boundary  value  problem  was  solved  to  yield 
the  complex  dielectric  constant,  and  the  dependent  variables  were  tempera¬ 
ture,  dc  bias,  sample  length,  and  frequency.  The  instrumentation  allowed 
a  very  sensitive  measurement  of  transmission  to  be  made  when  a  matched 
termination  was  placed  behind  the  sample.  It  was  possible  to  sweep  the 
frequency  continuously  over  a  large  range  (for  example,  8.0  to  10.0  kMc). 

The  transmission  through  the  sample  was  displayed  on  an  oscilloscope  as 
a  function  of  frequency  so  that  a  visual  check  could  be  maintained  of  the 
sample's  behavior  with  changes  of  temperature  and  bias.  Any  inhomo¬ 
geneities  in  the  sample  due  to  stresses  or  other  causes  distorted  the 
transmission  curve  and  could,  therefore,  be  avoided.  The  measurement 
method  obtained  all  the  needed  data  quickly  and  simply,  and  can  be  used 
in  any  frequency  range  provided  only  that  it  is  physically  possible  to 
grind  the  samples  to  the  size  suitable  for  the  waveguide  used.  All  measure¬ 
ments  reported  In  this  chapter  were  made  in  the  frequency  range  of  7.6  to 
12,4  kMc.  The  resulting  curves  of  the  complex  dielectric  constant  were 
then  used  to  predict  theoretically  the  operation  of  several  devices. 

This  chapter  is  devoted  to  shoving  how  these  curves  were  obtained 
and  utilized. 

B.  BOUNDARY  VALUE  PRQBIZM 

The  geometry  employed  is  that  of  Fig.  1. 


z  *  0  z  *  m  z  *  m  +  d 


FIG.  1--Schemtic  diagram  of  sample  configuration. 
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The  nonlinear  dielectrlc  entirely  f511«  the  waTeguide^in  Hefion  H  and 
extends  *  length  d  In  the  longitudinal  direction.  In  Region  II  the 
characteristic  impedance,  Z'Q  ,  and  the  propagation  constant,  I*' ', "are 
both  complex.  Region  in,  an  air-filled  waveguide.  Is  terminated  by  a 
matched  load  and  therefore  has  no  standing  waves.  In  Region  I,  however, 
there  is  both  an  incident  wave  and  a  wave  reflected  from  the  front  face 
of  the  dielectric.  Regions  I  and  III  have  a  real  characteristic  imped¬ 
ance,  ZQ  ,  as  well  as  a  real  propagation  constant,  6  .  Since  the  faces 
of  the  dielectric  are  perpendicular  tc  the  longitudinal  axis  of  the  wave¬ 
guide,  only  the  dominant  mode  should  be  excited.  The  wall  losses  in  the 
waveguide  can  be  neglected  when  compared  to  those  in  the  dielectric.  The 
boundary  value  problem  can  now  be  solved  to  give  equations  which  will 
yield  the  real  part  of  the  dielectric  constant,  ,  and  the  loss  tangent, 
tan  6  ,  from  the  experimental  data.  The  solution  is  carried  out  in 
Appendix  A  and  only  the  results  of  that  solution  are  given  here. 

The  equations  derived  in  Appendix  A  for  the  determination  of 
and  tan  6  are: 

(A. 26), 


where  fQ 

fl/2 

AT 

a 

d’ 

fO,kMc 

f 

c 

and  (A.27), 


and,  (A. 29), 


8ln  n*  “  I§n  '  n- 1,2,3, 

«  the  frequency  of  a  maximum  of  transmission, 

*  the  frequency  at  T^/2 

"  fl/2  '  f°  . 

2[1  -  (tjt)2]1!2 

“  7,  a/2  d'fO,kMe 

'max' 

■  sample  thickness  in  cm 
-  f  Q  X  l(f  9 

■  the  cutoff  frequency  of  the  air-filled  waveguide, 


(,.)V2.^Sn_, 

C,kMc 


exp(  (n«/2)tan  £>] 


H  ±  'Jh2  +  bQ 
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The  additional  assumptions  unde  in  the  solution  of  the  boundary  value 
problem  are 

tan25  «  1 

k*  =  —  >  100 
c0  ” 

f  »  f c  ,  1  e.,  c d2u€'  »  (x/a)2  , 

where,  in  this  case,  a  is  the  guiderfidth.  For  the  nonlinear  ceramics 
measured  these  assumptions  are  all  valid  in  the  temperature  range  above 

V 

C.  EXPERIMENTAL  MEASUREMENT  TECHNIQUE 

A  block  diagram  of  the  instrumentation  is  given  in  Fig.  2.  The 
source  can  be  either  a  mechanically  swept  klystron  or  a  swept  backward- 
wave  oscillator.  The  Incident  and  transmitted  power  levels  are  sampled 
by  a  20  db  and  a  10  db  multi -hole  directional  coupler  respectively.  The 
power  in  each  coupler  is  rectified  by  one  of  a  matched  pair  of  broadband 
crystals  whose  output  voltages  are  fed  to  the  ratiooeter.  From  the 
ratiometer,  a  direct  reading  of  the  transmission  through  the  sample  is 
obtained  as  veil  as  a  voltage  (proportional  to  the  transmission)  which 
is  fed  to  the  y-axis  of  the  oscilloscope.  The  swept  oscillator  supplies 
a  voltage  (proportional  to  frequency)  to  the  x-axis  of  the  oscilloscope. 

It  is  helpful  if  the  cathode  ray  tube  has  a  long  persistence  screen.  A 
typical  transmission  curve  as  seen  on  the  oscilloscope  is  shown  i:  Pig.  3. 
The  photograph  *.as  made  with  two  exposures;  the  peak  of  the  t*- *  remission 
curve  moved  to  higher  frequencies  (i.e,,  *o  the  left  on  the  photograph) 
when  a  dc  bias  was  applied,  indicating  a  lowering  of  the  dielectric  con¬ 
stant.  In  a  like  manner,  the  peaks  of  transmission  will  move  across  the 
face  of  the  oscilloscope  toward  the  higher  frequencies  when  the  tempera¬ 
ture  of  the  sample  above  Tq  is  increased.  The  trace  allows  a  visual 
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FIG.  3- -Photograph  of  oscilloscope  trace  showing  typical 
transmission  curves  for  0.050"  thick  ceramic  of 
73jb  BaTiOo-27^  SrTiCh  .  Frequency  ranges  from 
7.9  kMc  on  the  right  to  12. 4  kMc  on  the  leit. 

The  temperature  is  155°F.  The  curve  shifts  to 
higher  frequencies  upon  application  of  a  10  kv/cm 
bias. 
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check  to  be  maintained  while  the  data  ti-e  being  taken  to  assure  that  no 
anomalous  behavior  Is  taking  place  in  the  sample,  since— If  for  any 
reason  the  dielectric  constant  is  inhomogeneous  across  or  through  the 
sample --the  curve  of  transmission  will  be  distorted,  the  data-taking 
can  then  be  stopped  and  the  difficulty  corrected.  Inhoaogeneities  may 
appear  if  the  samples  are  wedged  in  the  waveguide  or  if  internal  stresses 
exist  within  a  sample  after,  it  is  fired  and  cut,  in  which  case  the  sample 
should  be  discarded. 

It  can  now  be  seen  that  the  needed  data  can  be  taken  quickly  and 
easily.  Before  a  run  is  made,  the  number,  n  ,  of  half  wavelengths  in 
the  material  must  be  determined  at  some  temperature  in  the  range  of 
interest.  This  cen.be  done  in  two  ways.  The  first  method  involves  using 
Eq.  (A, 26)  and  taking  the  ”0”  of  one  peak  of  transmission.  The  tempera¬ 
ture  should  be  stabilized  at  some  convenient  point.  The  swept  oscillator 
is  then  set  so  that  the  frequency  is  that  of  a  transmission  maximum.  The 
value  of  the  maximum  is  read  from  the  previously  calibrated  ratiometer 
and  the  frequency  from  the  wave  me  ter.  The  frequency  of  the  upper  half- 
pover  point,  where  the  transmission  is  down  3  db,  is  then  determined. 

Since  the  sample  thickness  and  the  cutoff  frequency  of  the  waveguide  are 
known,  the  transcendental  equation,  Eq.  (A. 26),  can  now  be  solved  for  n  . 
There  is,  however,  a  simpler  way  to  obtain  n  if  two  adjacent  peaks  of 
transmission  can  be  viewed  at  some  one  temperature,  viz.,  Eq.  (A. 27)  can 
be  solved  for  the  n  and  (n  +  1)  of  the  two  peaks  which  will  yield 
the  same  value  of  *'  : 


where  fQ  Is  the  frequency  in  kilomegaeycles  of  the  maximum  at 

the  lower  frequency  and  fQ  the  frequency  of  the  upper  maximum. 

On  solving  Eq.  (7)  for  the  ratio  of  n  and  (n  +  lj  ,  one  finds 


n 

n  +  1 


(8) 


It  should  be  noted  that  the  latter  method  for  obtaining  n  assumes  that 
there  is  no  change  in  in  the  frequency  range  between  the  two  maxima. 
Once  the  n  has  been  obtained  for  a  specific  maximum,  the  n's  for  all 
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other  maxim*  can  be  determined  simply  by  vatchinx  how  the  peaks  move  with 
changes  in  temperature  and  bias.  The  only  data  that  are  then  needed  to 
establish  curves  of  k*  and  tan  6  are  the  frequency  and  transmission 
of  the  maxima.  Equation  (A.27)  will  yield  a*  and  Eq.  (A.29)  can  be 
solved  for  tan  6  .  ,  . 

Experience  shoved  that  if  the  sample  with  its  holder  were  heated 
to  the  maximum  desired  temperature  (fer  example ,  270°F  for  73£  barium 
titanate-27^  strontium  titanate)  and  then  allowed  to  drift  toward  room 
temperature,  all  the  needed  to  plot  the  curves  of  k‘  and  tan  6 
(when  the  bias  was  varied  in  steps  between  0  and  32  kv/cm  over  the  full 
temperature  range  of  the  drift)  could  be  taken  in  less  than  three  hours. 
The  calculations  to  obtain  the  values  cf  k*  can  be  made  quickly;  how¬ 
ever,  it  is  a  tedious,  although  straightforward  and  simple  job,  to  cal¬ 
culate  the  values  of  tan  5  . 

D.  SAMPLE  GEOMETRY  AND  BIASING  METHOD 

The  sample  configuration  and  method  of  applying  bias  is  shown  in 

Fig.  4.  The  sample  fills  80f,  of  the  guide  width;  however  as  shown  by 

3 

Schmitt/  and  verified  experimentally,  the  perturbation  by  such  a  filling 
factor  to  the  fields  in  the  dielectric  is  negligible.  The  experimental 
verification  will  be  described  in  Section  F  of  this  chapter. 

The  dc  bias  is  applied  to  the  biasing  electrode  through  a  small 
hole  in  the  side  of  the  waveguide  without  distorting  the  fields.  The 
electrode  geometry  is  poor  from  the  point  of  view  of  arc  suppression, 
and  it  was  difficult  to  achieve  biasing  fields  of  even  10  kv/cm  when  the 
guide  was  filled  with  air.  The  introduction  of  nitrogen  gas  at  gauge 
pressures  up  to  60  lbs.  per  square  inch  helped  a  little  to  suppress  the 
corona  and  the  arcing  from  the  biasing  electrode  across  the  surface  of 
the  dielectric  to  the  waveguide.  But  the  pressures  needed  to  suppress 
arcing  were  great  enough  to  cause  the  dielectric  constant  through  the 
sample  to  be  inhomogeneous;  therefore,  nitrogen  could  not  be  usee  After 
much  experimentation  sulfur  hexafluoride  gas,  SF^  ,  was  used  in  the 
waveguide  at  one  atmosphere  pressure  (i.o.,  zero  gauge  pressure).  With 
SF^  it  was  possible  to  obtain  biasing  fields  of  32  kv/cm  without  break¬ 
down.  It  shouM  be  noted  that  while  SF^  is  inert,  it  will  break  down 
into  lower  fluorides  and  free  fluorine  in  the  presence  of  an  arc  and  that 
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CERAMIC 

SAMPLE 


FIG,  4- -Sample  configuration. 
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come  of  the  breakdown  products  can  hydrolize  into  hydrofluoric  acid. 

The  amount  of  breakdown  products  forced  is  roughly  proportional  to  the 
amount  of  power  dissipated  in  the  arc.  This  means  that  there  are  two 
safety  precautions  that  should  be  taken  when  SF^  is  used  in  this  type 
of  system.  The  dc  bias  supply  should  have  a  high  internal  impedance  so 
that  little  power  will  be  dissipated  in  an  arc,  and  the  waveguide  com¬ 
ponents  should  be  set  up  in  a  fume  hood  so  that  both  the  equipment  and 
personnel  will  be  protected  in  the  event  of  breakdown. 

To  prevent  arcing  from  the  electrode  to  the  side  wall  of  the  wave¬ 
guide  opposite  the  hole,  a  thin  piece  of  teflon  was  placed  between  the 
sample  and  the  side  of  the  waveguide.  For  the  other  side  a  flanged  bush¬ 
ing  of  teflon  va3  made  which  was  inserted  through  the  hole  from  the 
inside  of  the  guide.  The  bushing  was  drilled  to  bring  in  the  bias  lead. 

The  sides  of  the  sample-  which  fitted  against  the  waveguide  walls 
and  against  the  biasing  electrode  were  coated  with  either  a  brushed  coat 
of  conducting  paint  or  with  a  chemically  deposited  coat  of  metalMc  silver 
upon  which  was  electroformed  a  0.0005*'  film  of  copper. 

In  order  to  insure  the  proper  fit  of  sample  pieces  in  the  waveguide, 
the  biasing  electrode  was  made  into  a  weak  spring.  The  sample  pieces, 
when  finished,  were  each  approximately  0.002"  less  than  half  the  y- 
dimension  of  the  waveguide.  The  electrodes  were  cut  from  0.001"  spring 
brass  shim-stock  and  were  slightly  creased  down  their  length  (i.e.,  along 
the  x-axis  of  the  waveguide).  The  electrode  then  became  a  spring  which 
would  hold  the  samples  firmly  against  the  waveguide  without  vedgi<  And 
stressing  the  dielectric  material. 

All  samples  were  cleaned  prior  to  insertion  in  the  sample  holder. 

They  were  first  boiled  in  Versene  for  at  least  five  minutes  and  then 
rinsed  in  distilled  water.  They  were  then  boxled  in  distilled  water  for 
at  least  five  minutes  and, immediately  upon  being  removed  from  the  boil¬ 
ing  water,  were  plunged  into  acetone.  After  being  cleaned,  the  monies 
were  stored  until  used  in  a  container  with  a  dessicating  agent. 

The  waveguide  containing  the  sample  was  mounted  in  a  -ock  of  brass 
around  which  was  wound  a  lead-covered  neating  cable.  A  thermoswitch  and 
thermometer  were  mounted  in  the  brass  block  with  their  sensing  areas 
directly  over  that  part  of  the  guide  containing  the  sample.  A  Variac 
was  used  to  control  the  current  through  the  thermoswitch  and  heating 
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cable.  In  this  way  the  temperature  could  be  controlled  within  ±1°F. 

Cooling  of  the  Sample  was  accompli shea  by  packing  the  sample  holder  in 
dry  ice. 

E.  MEASUREMENT  RESULTS 

Curves  of  the  real  part  of  the  relative  dielectric  constant,  k 1  , 
and  loss  tangent,  tan  6  ,  are  given  as  functions  of  temperature  with 
varying  bias  for  five  ceramics  in  Figs.  5  through  13.  All  the  data  for 
these  figures  were  taken  in  the  frequency  range  of  7*6  to  12. h  kMc. 
Unfortunately,  since  all  the  ceramics  were  obtained  commercially,  it  was 
not  possible  to  learn  how  they  were  fabricated  or  fired. 

Figure  5  gives  as  a  function  of  temperature  for  titanium  dioxide, 
TiOg  .  Although  biasing  fields  were  applied  over  the  complete  temperature 
range  from  250°F  to  -50°F,  they  had  no  apparent  affect.  The  loss  tangent 
is  so  low  that  it  is  only  pos  ble  to  give  an  upper  limit  of  0.0015"  at 
7U°F  since  the  assumption  that  the  wall  losses  in  the  waveguide  can  be 
neglected  is  probably  no  longer  valid. 

Figures  6  through  9  give  k*  and  tan  6  for  73%  barium  titanate- 
27$  strontium  titanate  and  k‘  and  tan  6  for  50$  barium  titanate-50$ 
strontium  titanate  respectively.  The  curves  for  and  tan  6  of  the 
two  mixtures  have  approximately  the  same  shapes  and  magnitudes;  however, 
the  curves  for  the  50$  BaTi 0^-50$  SrTiO^  ceramic  are  shifted  downward  in 
temperature  by  approximately  55°F  from  those  of  the  73$  BaTi0^-27$  SrTiO^ 
ceramic.  The  shift  of  Tc  to  a  lower  temperature  with  the  addition  of 

SrTiCL  is  well  known;  however,  the  shift  is  only  about  one  half  that 

2  k 

measured  by  Davis  and  Rubin  at  9*4  kMc.  Their  measurements  indicate  a 
T  of  approximately  70°F  for  73$  BaTiO,-27$  SrTiO-,  which  is  in  fair 

*  3  3  o 

agreement  with  the  0  bias  curve  of  Fig.  6.  However,  a  Tq  of  -54  F  was 
measured  by  them  for  50$  BaTiO^-50$  SrTiO^,  while  the  curve r  of  Fig.  8 
show  a  T  of  about  0  to  10°F,  indicating  that  the  ceramic  represented 
by  Figs.  8  and  9  may,  in  fact,  have  had  some  other  ratio  than  the  purported 
50$  BaTi03-50$  SrTiO^ 

Figures  10  and  11  give  k*  and  tan  5  ,  respectively,  f  .  a  ceramic 
of  2$  NiTi 0^-72$  EaTi 0^-26$  SrTiO^,  nickel  additive  served  to  reduce 
k‘  and  tan  6  somewhat  while  still  allowing  the  dielectric  to  be  non¬ 
linear;  however,  it  was  found  that  arcing  would  occur  across  the  surface 
of  this  ceramic  more  easily  than  the  others. 
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FIG.  6 — it'  as  a  function  of  temperature  with  varying  dc  bias  for  ceramic  of  73$  BaTiO,~-27$  SrTiO. 
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varying  dc  bias  for  ceramic  of  RaTiO^-?0#  SrTiO. 


Kv/CM 


>f  temperature  with  varying  dc  bias 
NiTiO^-72^  BaTiO^-26^  SrTiO  . 


0.21 


8  NVI 


-  23  - 


5  as  a  function  of  temperature  with  varying  dc  bias 
ceramic  of  2%  NiTIO  -72?f>  BaTiO  -26^  SrTiO,  . 


JaTiO  -36^  BaTiO  -14$  S: 
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Figure*  12  and  13  give  ic1  and  tan  6  curves  fcr  a  ceramic  of 
50)1  CaTiCy3#  BaTityity  SrTiO^.  The  addition  of  a  large  amount  of 
CaTiOj  greatly  reduces  k*  and  alec  tan  6  ,  yet  the  material  is  non¬ 
linear.  In  addition,  the  change  in  k*  and  tan  5  with  temperature  in 
the  range  where  the  material  exhibits  nonlinearity  is  fairly  small.  These 
characteristics  are  very  desirable  from  the  point  of  view  of  device  design, 
and  indicate  that  further  investifations  of  this  type  of  mixture  may  be 
warranted.  The  one  undesirable  characteristic  exhibited  by  the  material 
is  that  a  thermal  hysteresis  occurs  for  bias  fields  less  than  1 6  kv/cm. 

F.  ERROR  ESTIMATION 

If  all  the  assumptions  made  in  the  solution  of  the  boundary  value 
problem  are  valid  for  a  given  ceramic  nonlinear  dielectric  and  if  the 
equipment  is  properly  calibrat-i  prior  to  taking  data,  then  the  major 
source  of  measurement  error  probably  occurs  in  reading  the  transmission 
and  temperature.  However,  the  assumption  that  the  fields  in  the  dielec¬ 
tric  were  not  perturbed  when  the  samples  failed  to  fill  the  entire  width 
of  the  waveguide  should  be  checked.  To  this  end  a  sample  of  73^  BaTiO^- 
27^  SrTiO^  was  cut  which  would  entirely  fill  the  cross  section  of  the 
X-band  waveguide  in  the  sample  holder;  that  is,  referring  to  Fig.  lh, 
both  a  and  b  were  unity.  The  sample  had  never  been  subjected  to  an 
electric  field. 


FIG.  lU- -Diagram  of  sample  configuration. 
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Curves  of  thtf  real  part  of  the  relati"'®  dielectric  constant,  k\  ,  and 
the  maxima  of  transmission  were  taken  with,  the  temperature  ranging  from 
260°F  to  130°F.  The  sample  was  then  removed,  cut  to  make  the  filling 
factor,  a  ,  equal  to  0*80,  and  reinserted.  The  real  part  of  the  relative 
dielectric  constant,  k*  ,  and  the  values  of  the  transmission  maxima  were 
again  determined  over  the  same  temperature  range.  Once  more  the  sample 
was  removed  and  cut.  In  this  case,  however,  the  sample  was  sawed  in  half 
to  make  b  equal  to  0.96.  The  sample  pieces  were  painted  with  conduct¬ 
ing  paint,  reinserted  with  a  copper  strip  filling  the  dimension  n  , 
and  measured  as  before.  The  sample  was  then  subjected  to  a  bias  field 
of  16  kv/cm.  When  the  bias  field  had  been  removed,  the  samples  were 
again  measured. 

/in  attempt  was  made  to  make  all  measurement  runs  in  the  same  way. 

In  each  case  the  sample  and  its  holder  were  heated  to  300°?  and  allowed 
to  drift  toward  room  temperature.  In  each  case  the  data  were  taken  from 
260°F  to  130°F,  and  in  each  case  except  the  last,  where  it  was  not  taken 
out  of  the  guide  prior  to  the  run,  the  sample  was  cleaned. 

The  values  of  the  transmission  maxima  agreed  within  the  reading 
error.  All  four  curves  of  k*  agreed  within  1$  and  all  data  points  fell 
within  2$  of  their  curves,  indicating  that  the  application  of  a  bias  field 
had  no  long-term  effect  upon  the  ceramic  and  that  the  sample  geometry 
employed  did  not  add  appreciable  error  to  the  measurements. 

The  maximum  temperature  gradient  between  the  sample  and  the  thermo¬ 
meter  was  approximately  3°F.  Since  all  the  measurement  runs  were  made  by 
first  heating  the  sample  holder  to  the  maximum,  then  allowing  it  to  drift 
to  the  low  temperature,  this  error  is  a  consistent  one.  The  reading  error 
of  the  thermometer  is  estimated  to  be  ±0.2°F  and  the  thermometer  is  guaran¬ 
teed  to  be  accurate  within  1*. 

The  maximum  total  error  in  the  values  of  the  real  part  of  the  relative 
dielectric  constant,  k*  ,  is  estlmatea  to  be  ±3$,  while  that  of  up  loss 
tangent,  tan  5  ,  is  estimated  to  be  ±10$.  These  e<  M mate 8  ar'  made  on 
the  basis  of  the  scatter  of  the  data,  tL*  shift  of  the  curves  due  to  the 
temperature  gradient  between  the  sample  and  the  thermometer,  and  the 
reproducibility  of  the  results. 
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0.  THEORETICAL  APPLICATION  OP  MEASUREMENT  RESULTS 
1*  Elcctrically-TVmed  CKvity 

The  formula  describing  tbs  behavior  of  a  cavity  which  is  tuned  elec¬ 
trically  by  varying  the  bios  fie  11  across  a  nonlinear  dielectric  element 
in  the  cavity  is  derived  in  Appendix  B*  and  presented  in  Eq.  (B.10): 


Af  1  1  As* 

f  *  2  Q  ton  6  £'  9 


where  «*  is  the  real  part  of  the  complex  dielectric  constant, 


c  *  €•  -  fa”  , 

Ac*  is  the  incremental  change  in  c*  occurring  with  an  incre¬ 
mental  change  in  bios, 

Q  is  the  unloaded  Q  of  the  cavity  when  it  contains  the 
dielectric, 

f  is  the  resonant  frequency  of  the  cavity, 

Af  is  the  resulting  incremental  change  in  the  resonant  fre¬ 
quency  of  the  cavity. 

The  assumptions  made  -in  the  derivation  are  that  the  wall  losses  in 
the  cavity  can  be  neglected  when  compared  to  the  losses  in  the  dielectric 
and  that  the  loss  tangent  of  the  dielectric  material  is  not  much  greater 
than  0.1. 

Figure  16  shows  the  expected  change  in  the  resonant  frequency  of  a 
cavity  with  changing  bias  for  various  values  of  Q  tan  5  .  From  Eq.  (B.10) 
it  is  seen  that  for  a  given  system  a  desirable  operating  point  is  found 
when  tan  6  is  low  and  the  nonlinearity  is  high.  Therefore,  an  opera¬ 
ting  temperature  of  120°F  was  chosen  for  the  73$  BaTi 0^-27^  SrTiO^  ceramic 
which  was  assumed  to  be  the  nonlinear  element  in  the  cavity  of  Fig,  16. 

To  facilitate  the  calculations  for  Fig.  1 6,  the  curves  of  k'  given  in 
Fig.  5  were  replotted  in  Fig.  15  to  give  as  a  function  of  the  bias 
field  at  various  temperatures*  When  all  the  electrical  energy  is  stored 
in  the  dielectric,  Q  tan  5  is  equal  to  1;  however,  if  the  cavity  is 
designed  to  store  some  electrical  energy  outside  the  ’< electric  Q  is 
increased  with  a  resultant  increase  in  Q  tar.  8  .  In  the  calculation  of 
the  curves  of  Fig.  16  it  was  assumed  that  Q  tan  6  is  constant  over  the 


^Credit  for  the  derivation  in  Appendix  B  is  given  to  R.  H.  Pantell. 


-  28  - 


-  29  - 


i  of  dc  bias  at  various 
JJh  BaTiCK-2756  SrTiO  . 
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bias  range;  but  both  Q  and  tan  $  will  change  vlth  the  application  of 
bias.  The  factor,  Q  tan  6  ,  will  in  general  increase  with  increased 
bias  bO  that  the  curves  drawn  in  Fig.  1 6  will  tend  to  flatten  more,, than 
is  shown.  Obtaining  the  exact  curves  would  require  solving  the  boundary 
value  problem,  and  this  can  be  quite  difficult.  For  Q  tan  5*4,  the 
cavity  Q  will  vary  from  approximately  45  with  no  bias  to  70  with  a  bias 
of  32  kv/cm  while  tuning  from  8.20  kMc  to  8.99  KMc.  Although  these  values 
of  Q  are  low  for  many  microwave  applications  (the  Q  is  about  55  with 
a  l6  kv/cm  bias),  such  a  cavity  could  be  used  to  tune  a  reflex  klystron  by 
coupling  a  cavity  filled  with  dielectric  into  the  re-entrant  cavity. 

2.  Phase  Shifter 

The  formula  derived  in  Appendix  C*  describes  the  behavior  of  a  phase 
shifter  and  is  presented  in  Fq,  (C.20): 


where  is  the  reel  part  of  the  complex  dielectric  constant, 

€  *  €’  -  Je"  , 

Ac'  is  the  incremental  change  in  c1  occurring  with  an 
incremental  change  in  bias, 
tan  5  *  is  the  loss  tangent, 

**lost  is  the  power  lost  in  the  device, 

PQut  18  the  power  transmitted  by  the  device, 

A9  is  the  incremental  phase  shift  resulting  from  the  incre¬ 

mental  change  in  dielectric  constant,  Ac’  . 

It  is  assumed  in  the  derivation  that  the  insertion  loss  of  the  device 
is  low,  that  tan  6  <  0.1  ,  that  vail  losses  can  be  neglected,  and  that 
reflection  losses  at  the  input  can  also  be  neglected.  As  with  the  tuned 
cavity,  the  point  of  operation  should  be  characterized  by  a  low  ter.  6 
and  high  nonlinearity.  Figure  1 J  gives  the  expected  phase  shift  of  a 
device  vhose  insertion  loos,  assumed  constant,  is  2  db  whe.  -ne  ceramic 
element  of  73%  BaTiO^-275t  SrTiO^  ic  at  120°F.  The  assumption  that 
the  insertion  loss  will  remain  constant  is  not  correct  since  both  k' 


♦The  derivation  in  Appendix  C  is  accredited  to  R.  H.  Pantell. 


-  31  - 


(S33U93Q)  1JIHS  3SVHd 


-  32  - 


FIG.  17 — Expected  operation  of  an  electrically  biased  phase  shifter  using  ceramic  of 
73&  ba'fiO  -27$  SrTiO.-  at  120°F.  The  designed  insertion  loss  is  2  db. 


and  tan  6  will  decrease  with  bias.  The  factor 


lost 


rout  ten  8 


will  decrease  with  increased  bias;  hence  the  curve  shown  in  Fig.  IT  will 
flatten  with  bias.  As  before,  to  obtain  the  exact  curve  of  phase  shift, 
it  would  be  necessary  to  solve  the  boundary  value  problem  for  the  proposed 
geometry.  Figure  17  shows  that,  at  most,  the  total  expected  phase  shift 
resulting  from  the  application  of  a  bias  field  of  32  kv/ctb  j6an  be  expec¬ 
ted  to  be  approximately  190°.  ‘ 

3.  Conclusions  *  -V 

The  operating  characteristics  of  an  X-band  phase  shifter  and  an  ,  - 
electrically  tuned  cavity  ha.-  been  predicted  when  a  nonlinear  ceramic  ' 
element  of  73$  BaTiCy27£  SrTi03  is  employed  at  120°F.  Neither  device 
has  been  built  or  tested  in  this  part  of  the  study  of  nonlinear  dielec¬ 
trics. 

As  yet,  most  nonlinear  dielectrics  are  quite  lossy,  and  hence  the 
insertion  losses  of  these  devices  are  high  as  compared  to  devices  using 
other  types  of  elements.  For  example,  Reggia  and  Spencer10  have  found 
that  a  phase  shifter  utilizing  a  ferrite  rod  in  the  middle  of  an  X-band 
waveguide  will  give  up  to  300°  phase  shift  per  inch  of  rod  with  an  inser¬ 
tion  loss  of  only  0.2  db.  A  fast  re flection- type  phase  shifter  employing 
a  variable  capacitance  diode  has  been  built  and  reported  by  Hardin,  "V-vney, 
and  Munushian11  which  will  give  1*1°  phase  shift  at  9  kMc,  with  an  inser¬ 
tion  loss  of  3.9  db.  The  opexating  characteristics  of  this  device  are 
reported  to  be  much  better  at  lower  frequencies.  A  ferroelectric  device 
might  give  up  to  190°  phase  shift  with  an  insertion  lose  cf  2  db  and  can 
be  expected  to  have  relatively  high-power- handling  capabilities  as  veil 
as  to  be  fast. 

It  appears  that  more  work  on  designing  devices  employing  elements  of 
nonlinear  dielectric  is  warranted.  This  is  particularly  sc  noiJlnear 
ceramics  are  developed  which  have  low^r  losses. 


SHALL- SIGNAL  CHARACTERISTICS  AT  MILLI1CTER  WAVEIENGTHS 


A.  INTRODUCTION 

Virtually  nothing  is  known  of  the  electrical  behavior  of  ferroelec¬ 
tric  titanates  at  frequencies  greater  than  25  kMc.  Presumably  this  is 
because  there  are  very  few  rf  generators  available  which  are  capable  of 
producing  a  range  of  millimeter  waves  at  power  levels  sufficient  to  make 
such  measurements.  However,  such  an  rf  generator,  an  electron  accelerator 
with  a  magnetic  undulator,  ie  available  at  the  Microwave  Laboratory.  This 
chapter  describes  how  the  output  of  the  undulator  was  used  to  obtain  a 
curve  of  the  relative  dielectric  constant  of  a  titanate  ceramic  with 
frequency  ranging  from  approxim  ely  60  to  270  kMc.  It  was  believed  that 
this  curve  might  serve  two  purposes. 

First,  some  physical  insight  into  the  mechanism  of  the  nonlinearity 
might  be  obtained.  An  investigation  with  this  objective  would  probably 
be  more  profitable  if  it  were  made  on  a  single  crystal  of  the  ferroelectric 
since  the  structure  of  such  crystals  is  relatively  uncomplicated  when  com¬ 
pared  to  that  of  the  corresponding  polycrystalline  ceramic.  However, 
single  crystals  were  not  available  and  the  proposed  measurement  technique  re¬ 
quired  a  three-inch  square  sample --much  greater  than  the  largest  titanate 
crystals.  Therefore,  a  ceramic  was  used. 

Second,  the  curve  would  indicate  the  frequency  range  over  which  the 
nonlinearity  could  be  utilized  in  the  design  of  microwave  devices.  This 
would  be  particularly  so  if  the  curve  were  established  for  a  ceramic  whose 
small- signal  and  large -signal  properties  had  already  been  obtained  in  the 
work  described  in  Chapter  II  and  Chapter  IV.  Therefore,  the  polycrystol* 
line  ceramic  73jt  BaTiO^-27^  SrTiO^  was  used,  and  as  described  in  Chapter  IV, 
the  measurements  were  made  at  approximately  125°F. 

In  order  to  obtain  the  temperature  dependency  of  the  relative  dielec¬ 
tric  constant  at  tne  frequencies  above  50  kMc,  additx*  al  vali'*-  were 
taken  at  lower  temperatures.  However,  *vcu  these  lower  temperatures  were 
above  the  maximum  of  the  curve  of  *'  versus  temperature  (see  Fig.  6) 
corresponding  to  the  Curie  temperature  of  a  crystal. 


B.  INSTRUMENTATION  AND  MEASUREMENT  M5JHOD 


1.  Undulator  and  Interferometer  Description 

Detailed  descriptions  of  tfca  design  and  operation  of  the  electron 
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accelerator  and  magnetic  undulator  are  given  by  Miller  and  Szente. 

The  X-band  linear  accelerator  operates  at  9*288  kMc  using  a  3.5  Mev 
electron  beam.  The  beam  is  then  introduced  into  the  magnetic  undulator 
which  has  a  trans/erse  dc  magnetic-field  configuration  that  is  periodic 
along  the  electron  path.  This  configuration  produces  a  periodic  trans¬ 
verse  motion  of  the  beam  which  results  in  radiation  from  the  beam.  Since 
the  beam  initially  contains  pulsed  rf  current  at  the  accelerator  frequency, 
the  current  in  the  undulator  is  rich  in  the  harmonics  of  the  fundamental. 
The  undulator  spacing  and  the  electron  velocity  determine  the  band  of 
harmonics  which  will  be  gener-  -ed.  A  monochromatic  plane  wave  is  then 
obtained  with  an  echellette  grating  spectrometer  and  directed  through  a 
modified  Fabry- Perot  interferometer  to  measure  the  relative  dielectric 
constant  of  the  nonlinear  ceramic.  Figure  18  is  a  photograph  of  the 
instrumentation  used  in  the  measurements.  The  rf  wave  from  the  undulator 
enters  from  the  lower  left  in  Fig.  18,  is  filtered  by  the  two  gratings 
of  the  spectrometer,  launched  through  the  interferometer  shown  in  the 
center  of  the  picture,  and  finally  focused  on  the  picKup  horn  by  the  para¬ 
bola  shown  on  the  far  right  and  absorbed  by  the  barretter.  The  dc  bias 
supply  for  the  barretter  and  the  signal  pre-amplifier  are  shown  at  lower 
right.  The  cover  which  encloses  the  interferometer  and  with  which  fch* 
temperature  is  controlled  is  shown  at  the  top  of  Fig.  18.  The  rf  windows 
in  the  cover  are  polystyrene  foam,  while  the  heating  element  inside  is  a 
lead-sheathed  cable,  part  of  which  shows  the  demountable  end. 

The  interferometer  is  made  up  of  two  3”  x  3”  reflectors,  one  station¬ 
ary  and  one  movable,  and  a  lucite  coupler  placed  at  45°  to  the  reflectors 
and  the  rf  wave  as  3hown  in  Fig,  19*  The  movable  aluminum  reflector  is 
driven  by  a  micrometer  drive,  and  its  position  measured  by  the  dia*  indi¬ 
cator  to  an  ticcuiacy  of  ±0.0002”.  The  stationary  re  ‘lector  4  removable. 
The  relative  dielectric  constant  was  n^as«-.*ed  by  looking  at  the  trans¬ 
mit  ion  through  the  interferometer,  as  a  function  of  the  distance  between 
the  two  reflectors,  first  with  a  stationary  reflector  of  aluminum  and  then 
with  a  stationary  reflector  of  the  nonlinear  ceramic.  The  temperature  of 
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FIG,  18- -Photograph  of  apparatus  used  to  measure  the  dielectric 
constant  at  millimeter  wavelengths. 
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the  dielectric  was  measured  by  inserting  a  thermometer  through  the  hole 
in  the  top  of  the  cover  into  a  hole  drilled  into  the  aluminum  block  that 
mounts  the  dielectric  reflector.  The  temperature  of  the  aluminum  reflec¬ 
tor  shown  below  the  cover  in  Fig.  18  was  monitored  in  the  same  way  in  order 
that,  when  the  temperature  was  maintained  at  the  same  level  in  both  measure¬ 
ments,  negligible  error  would  be  introduced  by  the  thermal  expansion  or 
contraction  of  the  interferometer. 


2.  Measurement  Method 

A  schematic  drawing  of  the  interferometer  is  shown  in  Fig.  19.  The 
monochromatic  plane  wave  enters  the  interferometer  at  1  and  leaves  at  2. 
Fart  of  the  wave  is  reflected  by  the  lucite  coupler  onto  the  movable  re¬ 
flector  at  4,  where  it  is  re -reflected  through  the  coupler  to  the  station¬ 
ary  reflector  at  3*  When  the  spacing,  L  ,  between  the  reflectors  is 
approximately  an  integral  number  of  half  wavelengths,  mx/2  ,  the  inter¬ 
ferometer  is  a  resonant  cavity  whose  Q  is  determined  by  the  degree  to 
which  the  reflectors  are  misaligned,  reflection  losses  off  the  lucite 
coupler,  power  absorption  in  the  air,  and  power  absorbed  by  the  reflec¬ 
tors.  The  term  '‘approximately"  mx/2  is  used  since  the  reflection  co¬ 
efficient  of  a  reflector  may  not  be  real,  in  which  case  the  reflector 
will  introduce  phase  shift. 

Figure  20  shows  the  variation  of  the  power  received  at  2  as  a  func¬ 
tion  of  the  distance  L  .  Expressions  have  been  derived  in  Appendix  D 
giving  the  index  of  refraction,  n  ,  of  the  dielectric  as  a  function  of 
the  width  and  depth  of  resonance  dip  in  the  transmission  curve  with  the 
aluminum  stationary  reflector  and  the  depth  of  the  dip  with  the  dielec¬ 
tric  reflector.  The  derivation  is  R.  M.  Miller’s,  The  results  of  the 
derivation  are  (D.55) 


1  -  XL 


*0  Di  •  do 


where  n  is  +he  index  of  refraction, 

the  unit  subscript  indicates  tn»>t  the  stationary  reflector  is 
dielectric, 

the  zero  subscript  indicates  that  the  stationary  reflector  is 
aluminum, 
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FIG,  20--Pover  transmitted  by  interferometer  as  a  function 
of  the  distance,  L  ,  between  mirrors. 
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(D-53), 


(D.5*0, 


and  (D-9), 


*o  -  3ln  a 


1  + 


-  y0)(^  +d7> 


DlSdi[i-^a-a0)]  , 


en 


where 


sl^mir/^wax 

N/^mirA 


when  the  dielectric  stationary  reflector  is  used, 
when  the  aluminum  stationary  reflector  is  used, 

&0  »  the  width  of  the  dip  when  the  transmission  is  (Tm))y  +  \lnV2 
and  the  aluminum  stationary  reflector  is  used, 
n  for  Eq.  (D.51*)  is  obtained  with  Eq.  (10). 

The  assumptions  made  in  the  derivation  are  that  the  reflection  coefficient 
of  the  aluminum  reflectors  is  unity,  and  that  the  losses  suffered  by  a 
wave  in  a  single  traverse  between  the  reflectors  are  the  same  when  L 
is  set  for  the  minimum  of  transmission,  Ln  ,  and  when  L  is  set  for  the 
maximum  of  transmission.  It  is  also  assumed  that  the  index  of  refraction 
of  the  dielectric  reflector  is  high  and  that  the  electrical  thickness  of 
the  dielectric  is  infinite.  Any  change  with  frequency  in  the  dielectric 
loss  of  air  will  not  affect  the  measurements  since  this  attenuation  is 
taken  into  account  in  the  derivation  given  in  Appendix  D. 

The  pulse  from  the  pre-amplifier  shown  in  Fig.  18  is  placed  on  the 
horizontal  axis  of  an  oscilloscope  while  a  sawtooth  voltage  is  placed  on 
the  vertical  axis.  In  this  way  the  full  10  cm  on  the  screen  can  be  util¬ 
ized  to  read  the  magnitude  of  the  transmitted  signal.  The  movable  reflec¬ 
tor  is  set  with  the  micrometer  drive  to  give  a  minimum  signal  on  the  scope 
face  and  its  position  noted.  The  magnitude  of  the  signal  is  also  read. 

Tne  movable  reflector  is  then  set  to  give  a  ma^-num  of  transmission  and 
the  magnitude  of  the  signal  again  read.  If  the  stau.onary  reflector  is 
the  one  of  aluminum,  dn  is 

/FT* 

^  •  (9) 
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3he  value  of  6^  can  now  be  obtained  directly  fro  to  the  dial  indicator 
readings  when  the  magnitude  of  the  transmitted  signal  is  set  at 

(T  +  T  ,  )/2  as  shown  in  Fig.  20.  The  term  d.  is  obtained  in  the 
max  mm  * 

same  way  as  dQ  except  that  the  dielectric  reflector  is  used.  The  wave¬ 
length  is  easily  determined  by  reading  the  distance  on  the  dial  indicator 
between  two  minima  spaced  several  half-wave lengths  apart. 

When  the  stationary  reflector  is  aluminum,  the  Q  of  the  system  is 
usually  high  and  the  dip  width  in  radians,  ,  small.  If,  in  addition, 
n  is  high,  Eq.  (D.49)  reduces  to 


Before  this  more  appropriate  equation  is  used,  however,  and 

should  be  evaluated  in  any  given  measurement  to  test  its  validity. 

14 

According  to  von  Hippel,  the  relation  between  the  index  of  refrac¬ 
tion  and  the  dielectric  constant  is  given  for  a  lossy  medium  by 

n  -  ||  «•  [\/l  +  tanks'  +  l]|  ^  .  (11) 

Even  if  tan  6  ■  0.5  ,  Eq.  (11)  reduces  to 

k'  a  n2  ,  (12) 

with  an  error  in  the  real  part  of  the  relative  dielectric  constant,  k'  , 
of  less  than  636. 

An  expression  for  the  loss  tangent,  tan  6  ,  is  derived  in  Appendix  D 
and  is  (D.63): 

tan  6  *  2n  (^y^)  , 

where  AL  is  the  distance  between  the  minimum  position  with  the  aluminum 
stationary  reflector  and  that  with  the  dielectric  stationary  reflector. 

C.  RESULTS 

At  first,  attempts  were  made  to  obt-in  k '  as  *  continuous  function 
of  temperature  at  a  given  frequency  by  heating  the  interferometer  to 
approximately  125°F  and  then  allowing  it  to  drift  slowly  toward  room 
temperature.  Two  thermal  drifts  were  required  at  each  frequency:  one 
with  the  dielectric  reflector,  and  one  with  the  aluminum  reflector.  The 
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accelerator  and  undulator  required  the  frequent  tuning  of  many  inter¬ 
dependent  adjustments  In  order  to  have  suitable  signal  stability  and  to 
keep  the  output  level  high  enough  for  accurate  readings.  But  approxi¬ 
mately  5  hours  of  measurement  vere  needed  for  each  curve  of  k*  .  Usually 
the  results  of  these  measurement  runs  vould  have  to  be  discarded  because 
the  curves  of  and  d^  vere  not  smooth  and  continuous.  In  a  few 
cases  discontinuous  Jumps  occurred  in  the  curves.  Although  the  cause  of 
the  anomalies  was  never  satisfactorily  determined,  presumably  the  diffi¬ 
culty  steamed  from  the  need  to  tune  the  machine  frequently— perhaps  a 
change  in  the  power  level  of  the  harmonics  adjacent  to  the  one  being  used. 
It  was  felt  that  the  difficulty  did  not  originate  in  the  interferometer. 

In  spite  of  this  auomalous  behavior,  two  continuous  curves  of  x*  vere 
obtained:  one  at  55.8  kMc  and  f'ne  at  143.5  kMc.  Although  these  curves 
vould  accurately  display  the  temperature  dependency  of  k'  ,  the  magnitude 
of  k'  at  55.6  kMc  did  not  reproduce  when  later  checked  by  constant 
temperature  measurements. 

Because  of  the  difficulty  experienced  with  continuous  runs,  it  was 
decided  that  single  values  of  k 1  should  be  quickly  obtained  with  the 
temperature  of  the  interferometer  stabilized,  and  that  two  groups  of 
values  should  be  determined  at  widely  separated  temperatures  to  show  the 
temperature  dependency  of  .  In  addition,  a  second  grating  was  added 
to  the  spectrometer  to  further  suppress  adjacent  harmonics.  The  machine 
was  not  tuned  during  a  measurement  run.  In  a  given  run,  10  values  each 
of  dQ  ,  ,  and  d^  vere  obtained  at  the  stable  temperature  and  were 

averaged  to  compute  one  value  of  .  This  process  was  then  immediately 
repeated  to  obtain  a  second  value,  and  so  on. 

As  can  be  seen  from  Eq,  (D.49)  or  Eq.  (10),  a  small  difference  between 
two  relatively  large  numbers,  i.e,  (d^  -  dQ),  must  be  taken  and  squared 
to  obtain  k'  .  It  was  found  that  the  greatest  error  was  introduced  by 
this  factor  which  was  critically  dependent  on  the  manner  in  which  <.*e 
stationary  reflector  was  secured.  This  experimental  error  was  mch  greater 
than  that  calculated  from  the  scatter  of  t,he  individual  data  points  and 
that  arising  out  of  the  assumptions  made  in  the  derivation.  It  is  esti¬ 
mated  that  when  the  greatest  possible  care  is  exercised  in  the  placement 
of  the  stationary  reflector,  the  values  of  n  are  accurate  within  *5$; 
hence  the  values  of  are  accurate  within  ±10$. 
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The  results  o’f  the  measurements  of  *'  are  shown  in  Fig.  21.  The 
points  at  8  and  10  kMc  were  obtained  in  the  measurements  reported  in 
Chapter  II  and  the  point  at  2.72  kMc  was  obtained  from  the  measurements 
reported  in  Chapter  IV. 

Figure  22  shows  the  percent  change  in  n*  with  a  temperature  change 
from  123°F  to  95°F.  The  points  at  55.8  and  148.5  kMc  were  taken  from  the 
continuous  curves  described  in  the  first  part  of  this  section.  However, 
the  points  at  102.1  and  269  kMc  were  obtained  from  data  taken  at  123°F 
and  83°F.  For  the  point  shown  at  102.1  kMc,  the  greater  temperature 
interval  resulted  in  the  k*  taken  at  83°F  falling  outside  the  ±10£  error 
in  the  value  of  x*  at  123°F.  The  percent  change  was  then  scaled  to  the 
temperature  interval  used  in  Fig.  22.  For  the  point  shown  at  269  kMc, 
the  use  of  the  greater  temperature  interval  indicated  that  the  percent 
change  was  less  than  7$  over  the  smaller  temperature  interval  of  Fig.  22. 

Unless  the  loss  tangent  were  very  large  (i.e.,  on  the  order  of  unity), 
it  can  be  shown  that  there  is  little  chance  of  obtaining  its  value  with 
this  measurement  technique.  Equation  (D.57)  can  be  used  with  Fig.  21  to 
estimate  the  distance  £L  that  must  be  measured  to  obtain  tan  5  .  By 
rearranging  Eq.  (D.57),  this  distance  is  given  by 


AT,  ~ 


X  tan  6 


(13) 


If  it  is  assumed  that  tan  5-0.5  and  that  the  frequency  is  55,8  kMc 
(the  largest  value  of  x/n  occurs  here),  then  Eq.  (13)  yields 

AL  «  0,0002"  ,  (l4) 

but  this  is  Sri thin  the  experimental  error  of  ±0.0002"  experienced  in 
determining  the  distance,  L  ,  between  the  two  reflectors.  At  no  time 
did  the  data  indicate  a  loss  tangent  as  large  as  unity. 

The  curve  of  Fig.  21  shows  falling  rapidly  as  the  frequency  of 
the  applied  field  increases  above  50  kMcj  and  it  therefore  indice ‘er  that 
the  mechanism  giving  rise  to  the  high  dielectri :  constant  above  the  Curie 
temperature  at  lower  frequencies  undergoes  a  relaxs  ion  in  >,ne  frequency 
interval  from  50  to  100  kMc.  The  decrease  In  k'  shown  in  Fig.  21  could 
possibly  be  due  to  an  electrical  resonance  within  the  individual  crystal¬ 
lites  of  the  ceramic.  A  piece  of  the  ceramic  vac  crushed  and  viewed,  with 
a  microscope  at  lOOx  magnification.  The  largest  dimension  of  all  the 
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crystallites  observed  was  less  than  0.0005"  and  the  distance  between  the 
crystallites  appeared  to  be  immeasurably  small  at  this  magnification. 

The  lowest  frequency  at  which  a  crystallite  could  resonate  electrically 
would  be  that  at  which  its  major  dimension  was  a  half  wavelength;  hence, 
the  resonance  frequency  would  be 


f  « 


c  _  c 
Xq  2d  n/k7  * 


(15) 


where  c  *  velocity  of  light  in  air, 

Xq  =  freespace  wavelength, 
d  *  major  dimension  of  the  crystallite, 

*'  *  real  part  of  the  complex  relative  dielectric  constant. 

If  a  crystallite  had  a  major  dimension  of  0.0005"  and  if  its  relative 
dielectric  constant  were  lo\  then  from  Eq.  (15)  its  resonant  frequency 
could  be  no  lower  than  f  *  118  kMc  ;  hence,  the  indication  is  that  the 
observed  decrease  in  k*  cannot  be  attributed  to  electrical  resonances 
in  the  crystallites.  This  indication  is  further  strengthened  by  the 
curve  of  Fig.  22  which  shows  that  the  variation  of  k'  with  temperature 
disappears  at  150  kMc.  As  previously  mentioned,  the  temperature  interval 
used  for  Fig.  22  is  that  from  123°F  to  95°F;  however,  the  point  at  269  kMc 
was  taken  with  an  even  larger  temperature  range  to  intensify  any  variation 
of  k'  with  temperature  that  might  be  present.  No  such  variation  was 
found;  hence,  it  is  probable  that  a  Curie  temperature  cannot  be  seen 
above  200  kMc. 

Figures  21  and  22  do  indicate,  however,  that  the  nonlinear  proper¬ 
ties  of  the  measured  ceramic  can  probably  be  utilized  in  device  work  at 
frequencies  up  to  50  kMc.  The  change  in  dielectric  constant  in  the 
frequency  interval  from  50  to  100  kMc  could  be  utilized  for  filter  design. 
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IARGE -SIGNAL  MICROWAVE  CHARACTERISTICS 


A.  INTRODUCTION 

The  design  of  large -signal  microwave  devices  employing  nonlinear 
dielectric  elements  requires  expressions  that  will  describe  the  macro¬ 
scopic  electrical  behavior  of  the  dielectric  when  subjected  to  high-rf- 
field  intensities.  To  obtain  these  expressions  a  new  method  has  been 
evolved  to  measure  the  large-signal  electrical  characteristics  of  a  non¬ 
linear  dielectric  ceramic.  The  derivation  and  use  of  this  technique  is 
described  in  this  chapter. 

The  measureLients  must  necessarily  be  made  with  some  sort  of  microwave 
circuit  that  uses  distributed  lements;  however,  a  nonlinear  mathematical 
analysis  is  much  more  easily  performed  on  a  circuit  containing  lumped 
elements.  For  this  reason,  it  was  decided  that  the  microwave  circuit 
should  be  that  of  a  coaxial  re-entrant  cavity  in  which  the  nonlinear 
dielectric  is  placed  in  the  region  of  high-electric-field  intensity.  This 
type  of  cavity  can  be  easily  and  accurately  represented  by  an  equivalent 
circuit  whose  behavior  can  then  be  investigated  by  lumped-element  non¬ 
linear  analysis. 

If  the  magnitude  of  the  electric-flux  density  vector,  2  ,  in  the 
dielectric  element  were  plotted  as  a  function  of  the  magnitude  of  the 
electric-field  intensity  vector,  2  ,  the  slope  would  decrease  with  in¬ 
creasing  field  intensity.  That  is,  what  was  the  real  part  of  a  complex 
dielectric  constant,  c*  ,  in  the  linear  small-signal  analysis  is  now  a 
function  of  the  applied  electric  field,  or 

D«s*(E)f.  (16) 

The  value  of  € ' (E )  depends  upon  the  magnitude,  and  not  the  direction, 
of  the  electric  field,  since  the  ceramics,  un3ike  the  single  crysi  »lo, 
are  isotropic.  In  this  analysis,  €'(E)  is  expanded  as  a  pov^r  series 
in  E  which  Is  then  used  to  describe  th~  variation  ^f  the  capacitance 
of  the  element  in  the  cavity  and  the  corresponding  nonlinear  capacitor 
in  the  lumped  equivalent  circuit.  In  like  manner,  a  power-series  expan¬ 
sion  is  made  for  the  dielectric  conductivity  of  the  ceramic,  o(E)  ,  and 
used  in  the  expression  for  the  nonlinear  conductance  in  the  equivalent 
circuit. 


A  condition  on  the  solution  of  tbs  differential  equation  of  the 
equivalent  circuit  is  obtained  which  could  yield  curves  of  the  magnitude 
of  the  fundamental  frequency  response  of  the  cavity  as  a  function  of  the 
drive  frequency  at  a  constant-incident  power  level.  But  since  it  is  the 
determination  of  the  coefficients  in  the  power-series  expansions  that  is 
of  interest,  curves  of  the  response  of  the  cavity  to  a  known  level  of 
incident  power  are  experimentally  obtained  as  a  function  of  frequency 
and  used  with  the  condition  on  the  differential  equation  to  determine 
the  desired  coefficients.  In  this  way  the  electrical  behavior  of  the 
nonlinear  ceramics  is  measured  and  the  expressions  necessary  for  the 
design  of  large-signal  devices  are  obtained. 

B.  CAVITY  GEOMETRY  AKD  EQUIVALENT  CIRCUIT 

A  cross  section  of  the  cv^xial  cavity  is  shown  in  Fig.  23.  The 
nonlinear  dielectric  element  is  a  right- circular  cylinder  of  ceramic 
having  length,  t  ,  and  radius,  a  .  This  dielectric  post  is  located 
in  the  region  of  maximum  electric  field  between  the  end  of  the  center 
conductor  of  the  coaxial  transmission  line  and  the  upper  shorting  plane 
in  Fig.  23.  The  transmission  line  below  plane  k-k  is  much  less  than 
a  quarter  wavelength  long,  and  can,  therefore,  be  considered  an  inductance 
at  plane  k-k  whose  value  is  independent  of  field  strength  and  which 


FIG.  23--Schematic  cross  section  of  coaxial  cavity. 


resonates  with  the  nonlinear  capacitance  above  plane  k-k  .  losses 

in  the  cavity  can  be  represented  by  two  conductances  located  at  plane 
k-k  :  a  linear  one  representing  the  wall  losses  in  the  cavity  and  a  non¬ 
linear  one  representing  the  losses  in  the  dielectric.  Power  is  introduced 
into  the  cavity  through  a  coupling  loop  located  in  the  region  of  maximum 
magnetic  field.  The  response  of  the  cavity  is  sampled  with  another  loop 
placed  opposite  the  input  loop. 

The  lumped  element  equivalent  circuit  is  shown  in  Fig.  £4. 


FIG.  24 --Equivalent  circuit  of  coaxial  cavity. 


For  Fig.  24, 

i^  is  a  constant  current  generator  corresponding,  as  shown 
later,  to  constant  power  incident  on  the  cavity, 
is  the  internal  admittance  of  the  generator  and  the 
load  admittance  at  the  output  of  the  cavity, 

T^  and  Tg  are  ideal  transformers  representing  the  input  and 
output  coupling  loops*,  T^  has  a  turns  ratio  n:l  and 
T0  has  a  turns  ratio  l:m, 

Qq  represents  the  wall  losses  in  the  cavity, 

CQ  represents  the  capacitance  between  the  end  of  th'  center 
conductor  and  the  upper  shirting  plane  but  does  not  include 
that  of  the  dielectric, 

G^  represents  the  nonlinear  loss  in  the  dielectric  element, 
represents  the  nonlinear  capacitance  of  the  dielectric 
element, 


L  is  the  inductance  of  the  shorted  transmission  line  when 
viewed  from  plane  k-k  , 

v  is  the  voltage  across  the  nonlinear  dielectric  element, 
is  the  voltage  across  the  output  load,  . 

The  validity  of  the  equivalent  circuit  shown  in  Fig.  24  rests  upon  the 
extent  to  which  the  elements  vary  with  frequency.  Since  the  length  of 
the  transmission  line  below  plane  k-k  is  much  lees  than  a  quarter  wave¬ 
length,  its  reactance  is  inductive  over  the  entire  frequency  rarige  of  the 
meesurements.  The  capacitance,  ,  of  the  geometry  at  the  end  of  the 
center  conductor  without  the  dielectric  post  will  be  calculated  with  a 
formula  whose  validity  over  the  frequency  range  of  interest  has  been 
checked  and  verified.  The  conductance,  Gq  ,  wil3  be  neglected  since 
the  wall  losses  in  the  cavity  are  much  less  than  the  losses  in  the  di¬ 
electric.  Since  all  the  dimensions  of  the  dielectric  post  are  much  less 
than  a  wavelength,  the  ?oss  and  capacitance  of  the  post  can  be  accurately 
r° presented  by  and  over  the  entire  frequency  range  used.  It  is 

felt  that  the  major  source  of  error  rises  out  of  the  uncertainty  involved 
in  calculating  the  inductive  reactance  of  the  transmission  line;  that  is, 
should  L  be  calculated  at  the  plane  k-k  or  the  shorting  plane  above 
k-k  ,  or  somewhere  between  the  two?  However,  the  distance  between  the 
two  planes  is  less  than  one-tenth  the  length  of  the  transmission  line; 
hence  the  error  introduced  is  probably  negligible. 

The  circuit  of  Fig.  24  can  be  reduced  to  that  of  Fig.  25. 


FIG.  25— Equivalent  circuit  of  the  ^oaxial  cavity  with  the 
generator  and  load  reflected  into  the  cavity. 


< 
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For  Fig.  25, 


C* 


L 

ni0  ' 

%  *  n  '%  *  m% 


and  v  are  as  previously  defined, 


sents  the  rf  conductance  of  the  nonlinear  dielectric  post  ana  is  a  func¬ 
tion  of  the  voltage,  v  ,  across  the  post.  Let  G^  "be  defined  by 


n  even 

where  o(v)  is  the  rf  dielectric  conductivity  of  the  ceramic, 

2 

A  <s  the  cross  sectional  area  of  the  post  =  jta  ,  when 
a  is  the  radius, 

' t  is  the  length  of  the  post. 

The  summation  is  over  the  even  values  of  n  since  the  conductivity  of 
the  dielectric  is  independent  of  the  direction  of  the  electric  field 
intensity  vector  in  the  ceramic. 

The  capacitance,  ,  in  the  equivalent  circuit  represents  the 
capacitance  of  the  dielectric  post  in  the  cavity  and,  like  the  conductance, 
,  can  be  expressed  as  a  power  series  in  v  .  If  q^(v)  is  the  charge 
bound  at  one  end  of  the  dielectric  post  by  the  polarization  within  the 
dielectric  and  c 1  (v)  is  as  defined  for  Eq.  (16)  when  v  =*  Et  ,  then 
Eq.  (16)  can  be  rewritten  as 


D  = 


A 


(18) 


With  the  use  of  Eq.  (16),  q^(v)  can  be  defined  as  a  power  series  in  v  : 

^(v)  -  e'(v)  .  £  bmvm+1  .  Cd(v)v  .  (1?) 

m  even 


Here,  tco,  the  summation  is  over  even  integers  since  the  vs1,  of  c'(v) 

is  independent  of  the  direction  of  the  e^rctric  fieid  intensity  vector. 

The  problem  can  now  be  simply  stated  as  that  of  determining  aQ 

and  b  . 
m 
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C.  SOLUTION  OP  DIFFERENTIAL  EQUATION  ^  >. 

The  Input  current,  iQ  ,  in  Pig,  25  is  the  sum  of  the  .currents  in 
the  individual  elements,  i.e.,  ; 

i0  •  iG  0  +  ^,6.  +  4L  +  +  iC,0  *  ^  ^  '  t20)' 

Equation  (20)  can  be  put  in  the  differential  form 

*0  *  £t  cov  +  h  %(v)  +  °ov  +  Gd(v)v  +  e  /vdt  *  (21) 

Since  the  dc  terms  are  not  of  interest,  Eq.  (21)  can  be  differentiated  vith 
respect  to  time.  Upon  performing  the  differentiation,  using  Eqs,  (17) 
and  (19),  and  terminating  the  series  vhen  n  *  m  *  4  ,  Eq.  (21)  becomes 

2  2 

di.  2  lil  d  v  o/dv\ 

~  -  [<bo  +  co>  +  3V  +  ?V  J  ^2  +  «V  +  ^VX-J 

r  0  jn  dv  1 

+  [(a0  +  G0)  +  3*2V  +  5a]  V  j  —  +  -  v  .  (22) 

Equation  (22)  is  the  desired  basic  differential  equation  that  describes 
the  behavior  of  resonant  cavity. 

Several  methods  are  available  for  investigating  Eq.  (22).1^,i^>1^ 

The  method  used  in  this  analysis  is  an  iterative  procedure  similar  to 

17 

Duffing' s  method,  which  is  due  to  Stoker.  It  is  reasonable  to  make  the 
a-priori  assumption  that  the  nonlinearity  is  small,  i.e.,  bQ  »  bg  »  bf^ 
and  aQ  »  ag  »  ;  hence  the  fundamental  component  of  the  response 

will  be  much  larger  than  the  harmonic  components,  A  periodic  solution 
is  sought.  Let  the  known  driving  function  be 


The  phase  angle  is  included  in  the  driving  function  for  convenient.  As 
a  first  approximation,  let  the  circuit  response  be  that  of  the  fr*e 
linear  oscillation 


After  first  dividing  both  sides  by  (bQ  +  Cq),  adding  u>  v  to  both  sides. 
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using  Eq.  (23),  and  then  rearranging,  F.q.  (22)  be  cornea 

A a 


.#  2 
V  4  (D  V 


<bo  +  co> 


sin  at  4  ’ 


(''*0  +  co> 


cos  at  4 


_o?  -  — — - Iv 

.  L'b0  +  °0>J 

’o  +  co)  <bo  +  co>  J  L<bo  +  co>  <bo  +  co>  J 


(*0  +  Op) 


*2  2 
— •  V  + 


L<bo  +  co>  (bo  +  co>  (bo  +  co: 


!i-A 
+  co>  J 


(25) 


where  v  »  dv/dt  and  9  -  d2v/dt2  .  Equation  (2*>),  the  first  approxi- 
nation  to  the  rerponse  of  the  circuit,  is  now  substituted  into  Eq.  (25). 
After  considerable  use  of  trigonometric  formulas,  Eq.  (25)  reduces  to 


v  +  a  v  *  M^cos  at  +  N^sin  at  +  M^cos  3cot 

+  N^sin  3 tot  +  M^cos  5at  +  N^in  5at 

where 

-  r  2  1 


(26) 


1  (b0  +  C0) 


Aa 


L<b0  ♦  C0)j 


3  b„m2  ,  5  b.aj2 

Ao  +  r:r-TTAo +--  - 


M»0*C0)  8(b0  +  c0) 


(a0  +  00)«h  3  a2c  5  *4“  5 

N,  *  *  —  ■- ■ 1  + - Aa  + - An  +  —  v  A0  1 

1  <b0  +  c0>  <bo  +  co>  4<bo  +  co>  8<bo*°o> 


0  T  v0' 

9  bp(02  ,  45  b.a2  « 

M~  « - - - A  3  + - - - A  * 

1  4  (bQ  +  C0)  0  16  (b0  +  CQ) 


3  apa  ,  15  5 

N,  - - - - AQ3  4 - - - Aq  , 

3  M*0*c0)  l6<bo  +  c0> 


25  V 

M-  - - - Aq  , 

5  16  (b0  +  cQ) 

5  &J.CD  * 

N.  - - - Aq  . 

5  16  (b0  +  CQ) 
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Now  unless  *  N^  ■  Q  ,  the  solution  will  involve  t  cos  ut  end 
t  sin  at  .  But  this  Mens  that  the  response  of  the  circuit  would  not 
be  periodic  in  violation  of  the  basic  assumption  made  above.  Setting 
•  N^  •  0  in  Eq.  (26),  gives  the  following  values  for  A  and  Bi 


*  *  (8o  +  ®o^O  +  J  *2*0^  +  §  '“kf‘o'>  ’ 

(27) 

B  -  -  [<o(b0  +  C0)  *  5;]  A0  *  1  VN>3  •  i 

\  v%>5  > 

(28) 

and  reduces  the  differential  equation  to 

v  +  <d2v  »  M^cos  y&t  +  N^sin  3o>t  +  M^cos  5cot  +  N^sin  5a>t  . 

(29) 

The  solution  of  Eq.  (29)  is 


v,  •  Mi  cos  cot  +  Nisin  cot  -  — %  cos  jtot 
1  ^  1  8o> 


where  Mi  and  Ni  are  fixed  by  the  homogeneous  equation.  Following 

i  i  I? 

Stoker's  technique,  1  choose  *  AQ  and  *  0  .  This  can  be  done 
since  the  phase  of  the  drive,  iQ  ,  is  adjustable;  hence, 

M3 

V1  *  Aocos  **  *  — 2 
8(0 

Equation  (31)  is  a  first  approximate  solution  to  the  differential  equa¬ 
tion.  It  can  be  used  in  the  same  way  as  the  first  approximation  to  v  , 
Eq.  (24),  to  obtain  a  second  approximate  solution  to  the  differential 
equation.  This  iteration  process  could  be  continued  unt<!  i  solution  cf 
the  desired  accuracy  were  obtained.  However,  it  is  not  a  solution  of 
the  differential  equation  that  is  sought  in  this  analysis  but  the  condi¬ 
tion  given  by  Eqs,  (27)  and  (28).  Equation  (23)  can  be  rewritten  as 

1Q  »  P  cos((st  +  ft)  m  A  cos  ot  +  B  siu  u>t  .  (32) 

Hence,  the  magnitude  of  the  drive  is 

p  -  (A2  +  B2)1/2  .  (33) 


Nq  M-  N- 

cos  3®t  -  — 5  sin  - ^  cos  5o>t  -  — **  sin  •' 

6a>  2im>  24af 


^3  cos  Jxot - sin  5^  ,  (30) 

24a>  2  4a> 
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Substituting  Bq3.  (27)  and  (28)  into  Eq.  (33)  gives  the  result 
P2  -  {(a0  +  00)A0  ♦  |  a^3  ♦  \  a^5}2 

+  {[“<bo  ♦  co>  -  M  Ao  +  l  V*o3  +  §  W}2  •  <3U> 

Experimental  values  of  AQ  at  high  known  drive  levels  and  various  values 
of  cd  can  be  used  in  Eq.  (3*0  to  determine  ag  ,  ,  b2  ,  and  b^  . 

The  values  of  aQ  ,  bQ  ,  and  0Q  can  best  be  obtained  with  .small-signal 
measurements  of  the  cavity  response,  and  that  of  CQ  can  be  calculated. 

D.  EESIGN  AMD  FABRICATION  OF  CAVITf,  CAVITY  HOLIER,  AND  CERAMIC  SAMFIE 
1.  Cavity  Design 

Since  a  relatively  large  supply  of  73/k  BaTiO^-27jb  SrTiO^  ceramic 
had  been  obtained  and  could  *  le re fore  be  used  in  other  phases  of  the  study 
of  nonlinear  dielectrics  fbr  device  work  and  since  it  showed  considerable 
nonlinearity  under  the  influence  of  a  dc  bias  field,  it  was  decided  that 
this  material  should  be  used  for  the  large-signal  measurements.  However, 
because  the  real  part  of  the  small-signal  relative  dielectric  constant, 
k *  ,  was  so  large,  the  measurements  were  made  in  the  S-band  frequency 
range  so  that  the  physical  dimensions  of  the  cavity  would  not  be  pro¬ 
hibitively  small.  The  only  data  available  for  this  particular  batch  of 
material  was  that  obtained  in  the  small-signal  X-band  measurements 
described  in  Chapter  II.  The  cavity  was  therefore  designed  with  the 
X-band  data  to  resonate  at  3*00  kMc.  Even  with  a  relatively  large  change 
of  k 1  between  the  S-band  and  X-band,  the  cavity  should  still  resonate 
in  the  S-band  frequency  range.  In  order  that  a  positive  control  of  the 
temperature  could  be  maintained  and  that  the  losses  should  be  relatively 
low,  the  operating  temperature  was  chosen  as  l.?5°F.  At  this  temperature, 
the  X-band  value  of  is  2000. 

The  design  procedure  was  first  to  choose  the  size  of  the  dielectric 
post  and  calculate  its  small-signal  capacitance.  The  capacitance,  CQ  , 
was  calculated  and  added  to  that  of  the  dielectric.  The  i—  .  reactance 
of  the  shorted  transmission  line  ves  the.*  3et  equal  to  the  reactance  of 
the  total  capacitance,  thereby  determining  the  length  of  the  line.  The 
characteristic  impedance  of  the  line  was  chosen  as  75fi,  a  value  which 
gave  rise  to  a  reasonably  small  CQ  and  still  made  it  possible  to  machine 
the  cavity. 
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The  high  k1  of  the  ceramic  nude  It  mandator/  that  the  poet  be  small. 
A  length  of  0.020"  and  a  diameter  of  0.010"  were  chosen  for  the  cylinder. 
The  small-signal  capacitance  of  this  post  is 

cd  '  ~T"  “  1,76  w‘r  *  (35) 

where  cQ  is  the  dielectric  constant  of  free  space, 

A  is  the  area  of  one  end  of  the  post  «  *aS  , 

£  is  the  length  of  the  post. 

The  capacitance,  Cn  ,  can  be  obtained  from  a  formula  given  by 
l8  “ 

Marcuvitz  for  calculating  the  bus  cep  tan  ce  of  the  capacitive  gap  termina¬ 
ting  a  coaxial  line  as  shown  in  Fig  26. 


FIG.  26- -Geometry  and  equivalent  suseeptance  of  capacitive 
gap  terminating  a  coaxial  line  (after  Msrcuvitz1® ). 


At  the  reference  plane,  T  ,  in  Fig.  26,  the  ^usceptance  is  given  oy 


it  4b’  a'  Hr  b'  .  (af  -  b*  )1 

^•~lp  v  Lir tlp '  x  j  > 


(36) 


where  X  is,  in  this  case,  the  freespace  wavelength  at  the  resonant 
frequency,  fQ  *  3.00  kMc. 

The  diameter  of  the  center  conductor,  2b'  ,  was  arbitrarily  chosen  to 


be  0.125".  Tb®  ratio  ft'/b*  can  be  obtained  from  the  characteristic 
impedance  of  the  line, 

Z0.60  1»(|l).  (37) 

With  a  ZQ  of  75ft  ,  Sq.  (37)  yields  (a’/b')  •  3*  to  ;  hence,  2b»  -  0 >36". 
As  stated  previously,  -t  »  0.020".  With  these  values,  Eq.  (36)  yields 

^  -  0.175  ;  (38) 

hence 

B  O.175y0 

C0  -  - - - -  -  0.12k  uuf  .  (39) 

2rtf0  2jrfQ 

As  desired,  CQ  «  .  Since  t  ~  x/200  ,  the  reference  plane  T  can 

be  used  in  place  of  plane  k-k  ,  shown  in  Fig.  23,  in  this  approximate 
derivation.  At  the  reference  plane,  T  ,  the  total  small -signal  capaci¬ 
tive  reactance  is 


2*f0<°0  +  Cd>  * 


28.20 


(to) 


If  f  *  fQ  ,  Xc  equals  X^  where  is  the  input  reactance  of  the  shorted 
transmission  line  and  is  given  by 

XL  -  Z0tan  fjt'  ,  («■) 

where  0  »  2 n/\  is  the  propagation  constant  in  the  line,  and 
l'  is  the  length  of  the  line. 

Upon  substituting  the  result  of  Eq.  (to)  into  Eq.  ( Ul )  and  solving  for 
V  ,  the  result  is 

V  -  0.226"  u  ~  . 

In  summary,  the  electrically  important  dimensions  derived  in  this  section 
are  shown  in  th*  top  view  and  cross  section  of  Fig.  27. 

2.  Cavity  and  Cavity-Holder  Description 

The  dielectric  post  is  bathed  in  a  moving  stream  of  sulfur  hexafluor¬ 
ide  gas,  SFg  .  This  is  introduced  into  the  cavity  through  the  four  0.013" 
holes,  shown  in  Fig.  27a,  which  have  been  drilled  in  the  end  of  the 
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center  conductor  at  such  an  angle  that  the  gas  streams  move  along  lines 
tangent  to  the  post.  In  this  way  a  circular  flow  Is  set  up  around  the 
post  to  carry  away  the  heat  generated  in  the  dielectric  by  rf  dissipation. 
The  SF^  also  serves  to  prevent  if  breakdown.  The  gas  is  brought  to  '■-hese 
four  outlets  by  a  hole  drilled  from  the  lower  end  to  meet  them  as  shown 
in  Fig.  27b.  The  gas  outlet  hole,  shown  in  Fig.  27a,  has  been  drilled 
through  the  bottom  of  the  cavity  to  the  relief,  shown  in  Fig.  27b,  cut 
in  the  lower  end.  The  outlet  wus  made  large  enough  to  insure  that  the 
pressure  in  the  cavity  would  be  no  greater  than  one  atmosphere.  The  short¬ 
ing  plane  is  a  thin  silver-plated  beryllium  copper  disk.  The  input  and 
output  couplers  were  made  from  O.O89"  o.d.  50fl  coaxial  line.  The  inside 
surfaces  of  the  cavity  were  silver  plated.  Figure  28  is  a  photograph  of 
the  cavity  with  the  dielectric  post. 

The  cavity  holder  is  pr'  jarily  a  heat  reservoir  whose  temperature 
can  be  closely  controlled.  A  photograph  of  the  holder  is  shown  in  Fig.  29. 
It  was  made  from  a  four-inch  diameter  brass  cylinder  which  was  bored  to 
receive  the  cavity.  The  temperature  was  controlled  by  mounting  a  thermo¬ 
switch  in  the  brass  that  vas  in  series  with  a  Variac  and  the  lead-covered 
heating  cable  wrapped  around  the  outside  of  the  holder.  A  thermometer 
vas  also  Inserted  into  the  holder  to  monitor  the  temperature.  The  holder 
was  wrapped  in  asbestos  tape  and  then  enclosed  by  an  asbestos  box  which 
was,  in  turn,  covered  with  aluminum  foil.  In  this  way  it  was  possible 
to  keep  the  thermal  drift  of  the  cavity  holder  to  less  than  ±0.5°F. 

The  sulfur  hexafluoride  gas  was  fed  to  the  cavity  by  means  of  *  ho1e 
drilled  up  through  the  center  of  the  holder  to  meet  that  drilled  in  the 
cavity.  Likewise,  the  gas  exhausted  from  the  relief  cut  in  the  bottom 
of  the  cavity  through  a  second  hole  in  the  holder  to  a  tube  which  vented 
to  the  fume  hood.  When  introduced  through  the  long  hoi*  drilled  in  the 
holder,  the  gas  was  preheated  to  the  cavity  temperature. 

Figure  30  is  an  exploded- view  photograph  of  the  parts  as  thev  go  into 
the  cavity  holder.  In  order  to  show  how  the  parts  fit  into  the  holder, 
a  detail <?d  def'-iiption  of  their  assembly  is  given  in  Append'  /•;. 

3.  Sample  Fabrication 

The  first  step  in  fabricating  the  cylindrical  poet  of  the  nonlinear 
dielectric  was  to  cut  and  grind  a  slab  of  the  ceramic  to  a  0.020”  thick¬ 
ness.  After  the  slab  had  been  cleaned,  a  film  of  metallic  silver  was 
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3C--Explodea-view  photograph  of  cavity  and  cavity  holder  parts 


chemically  deposited  on  it  by  the  same  process  used  la  silvering  mirrors. 
Just  enough  copper  was  then  electrorormed  onto  the  slab  to  protect  the 
silver  and  stop  its  oxidation  (approximately  0.0002")*  In  this  way  it 
was  possible  to  coat  the  ceramic  with  a  conducting  film  which  would  not 
peel  off  with  subsequent  grinding.  Other  methods  of  deposition  were 
tried,  including  the  evaporation  of  silver  onto  the  ceramic;  however,  with 
this  latter  method  the  bond  of  the  metal  to  the  ceramic  was  poor,  with 
the  result  that  the  film  later  peeled.  The  processes  involving  the  firing 
of  paints  were  not  tried  since  it  was  felt  that  the  firing  might  alter  the 
structure  of  the  ceramic  by  allowing  grain  growth,  in  which  case  the  meas¬ 
ured  sample  would  not  characterize  the  lot  from  which  it  was  cut. 

Cylindrical  blanks  were  then  cut  from  the  slab  with  an  ultrasonic 
impact  grinder  using  boron  carbide  #800  grinding  dust.  The  cutting  tool 
was  a  l/4"  length  of  0.020"  o.d. -0.002"  o.d.  w.th.  nickel  cathode  sleeve 
which  was  driven  through  the  slab  at  right  angJes  to  its  surface.  The 
blank  was  that  portion  of  the  slab  left  uncut  in  the  hole  of  the  tubing. 
Figure  31  is  a  microphotograph  taken  from  above  the  slab  of  dielectric 
after  two  holes  had  been  cut.  The  hole  on  the  left  was  not  cut  all  the 
way  through  the  slab;  therefore  the  sample  blank  is  still  in  place.  The 
blanks  had  an  average  diameter  of  0.015"  and  were  tapered  to  an  approxi¬ 
mate  diameter  of  0.013"  on  that  end  first  cut  by  the  tool.  In  most  cases 
the  metal  on  the  ends  of  the  blanks  was  intact. 

The  blanks  were  then  hand  ground  between  two  flat  hard  Arkansas  grind 
stones  to  their  final  diameter  of  approximately  0.0105".  A  spacer  o* 
0.0102"  thick  polyethylene  sheet  was  cut  to  the  same  size  as  the  stones, 

A  hole  was  then  cut  from  the  center  of  the  spacer  and  all  grinding  was 
done  in  this  hole.  When  the  grinding  action  was  stopped  by  the  spacer, 
the  blank's  diameter  had  been  reduced  to  the  desired  size.  During  whe 
grinding,  the  blank  was  often  put  into  a  dish  of  light  oil  under  a  micro¬ 
scope  and  the  feather  edge  of  the  metal  on  the  ends  removed  with  r  i Ine 
brush.  The  blank  was  then  dipped  in  acetone  to  remove  the  oil  and  the 
grinding  was  resumed.  All  the  grinding  --as  done  *ry  with  a  circular 
motion  and  with  little  or  no  pressure  applied  to  the  stones.  An  end  view 
and  side  view  of  the  finished  sample  is  given  by  the  microphotograph  of 
Fig.  32.  As  shown  in  this  figure,  the  metal  on  the  ends  of  the  sample  is 
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FIG.  ?1- -Microphotograph  of  dielectric  slab  after  being  cut 

with  the  impact  grinder.  The  hole  on  the  left  shows 
the  sample  blank  in  place. 


FIG.  32- -M< ci ophotograph  of  ceramic  dielectric  post.  Magni¬ 
fication  is  32x. 
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intact  and  there  is  no  observable  taper.  The  photograph  vso  taken  with 
&  magnification  of  32x. 

The  diameter  of  the  sample  used  in  the  large-signal  measurements  was 
measured  with  an  optical  comparitor  and  found  to  be  0.0104”  ±  0.0001". 

The  length  was  0.0200”  ±  0.0001”. 

There  are  three  reasons  for  using  such  a  small  sample: 

(1)  The  capacitance  of  the  sample  should  be  small  in  order  to  use  a 
reasonable  value  of  inductance  to  resonate  the  cavity  in  the  desired  fre¬ 
quency  range  and  therefore  a  reasonable  length  of  transmission  line. 

(2)  The  length  of  the  post,  ,  should  be  small  in  order  to  have 
high  electric-field  intensities  in  the  dielectric  at  reasonable  power 
levels . 

(3)  The  radius  of  the  post  should  be  small  since  a  constant  field 
strength  within  the  post  is  desired;  and,  as  shown  elsewhere  in  this 
chapter,  the  longitudinal  fields  in  the  post  decreased  with  increasing 
radius  as  J^con/pe1  r)  ,  (on  the  basis  of  a  small-3ignal  linear  analysis) 
where  the  €  is  that  of  the  dielectric  and  therefore  high;  hence  the 
radius,  a  ,  must  be  small  in  order  to  have  Jq(co  v/p^Pa)  sr  1  . 

E.  SMALL-SIGNAL  MEASUREMENTS  ON  CAVITf 

The  following  linear  parameters  of  the  circuit  shown  in  Fig.  24  are 
unknown  and  must  be  evaluated  before  large-signal  measurements  can  be 
made: 

(1)  Gq  ,  the  conductance  representing  the  wall  losses  in  the  cavity 

(2)  ,  the  linear  term  in  the  power  series  expansion  of  the 
nonlinear  conductance,  G^  ,  given  in  Eq.  (17)7 

(3)  bQ  ,  the  linear  term  in  the  power  series  expansion  of  the 
nonlinear  capacitance,  ,  given  in  Eq.  (19), 

(4)  L  ,  the  inductance  representing  the  shorted  transmission  line, 

(5)  n  ,  the  turns  ratio  of  the  input  transformer,  T^  , 

(6)  m  ,  the  turns  ratio  of  the  output  transformer,  Tg  . 

In  addition,  the  -aagnitude  of  the  drive,  iQ  ,  in  the  circuit  ■  r  Fig.  25 
must  be  related  to  the  power  incident  on  ^  cavity.  Pi  ;  and  the 
response  of  the  circuit,  v  ,  must  be  related  to  the  power,  Pout  , 

absorbed  by  the  load  at  the  output  of  the  cavity. 
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Since  the  cavity  vails  were  silver  plated,  the  vail  losses  are 
negligibly  small  when  compared  to  the  losses  in  the  dielectric;  there¬ 
fore  G'  can  be  neglected. 

u  19 

The  9,  circle  measurement  technique  described  by  Ginzton  7  was  used 

to  determine  the  unloaded  Q  of  the  cavity,  Qq  ;  the  loaded  Q  of  the 
cavity,  ;  the  resonant  frequency  of  the  cavity,  fQ  ;  and  the  stand¬ 
ing-wave  ratio  of  the  cavity,  rin  ,  when  viewed  from  the  input  side  at 
the  resonant  frequency.  The  values,  together  with  standing-wave  ratio 
of  the  cavity,  rQut  ,  when  viewed  from  the  output  side  with  f  *  f Q  , 
will  determine  aQ  ,  bQ  ,  n  ,  and  m  .  The  results  of  these  small- 
signal  measurements  are: 

%  •  ** 

0  “  31 

fQ  *  2.902  kMc 
“2-° 
rout  ■  3°  • 

The  ^  of  the  cavity,  as  determined  by  the  Q  circle  measurements, 
included  the  effects  of  the  load  at  the  output;  however,  as  will  be  shown, 
the  output  was  so  undercoupled  that  the  effect  of  the  output  load  on 
was  negligible.  Since  the  wall  losses  were  much  less  than  the  losses  in 
the  dielectric,  the  unloaded  Q  was  approximately 

<U2) 

where  ^  is  the  dielectric  Q  .  Hence,  the  loss  tangent  of  the 
73*  BaTiO^-27*  SrTi(>3  ceramic  at  2.902  kMc  and  123°F  is 

tan  6  21  0.023  .  (1*3) 

The  linear  capacitance  term,  bQ  ,  can  be  computed  from  the  resonant 
frequency,  fQ  ,  Using  Eq.  (4l)  and  the  dimensions  of  the  cavity  Riven 
in  Fig.  27,  the  reactance  of  the  transmission  lire  at  tfie  reference  plane 
k-k  (see  Fig.  23)  is 

\  -  Z0tan  p0-t*  '  24.70  ,  (44) 
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where 


V  *  0.226  -  0.020  *  0.206“ 

Z0  *  m 

fo  *  ^Ao 

4X0  «  c/f0  =  10.32  cm  -  4.06*. 

Now  when  "f  *  fQ  ,  the  reactances  are  given  by  X^  »  X^  =  l/a^C Q  +  bQ)  , 
Thu.., 

fW*^2'22^'  (U5) 

and  with  Kq.  (39)  the  dc  term  in  the  expansion  for  Cd  is  determined 
to  be 

bQ  *  2.53  -  CQ  *  2.10  wif  .  (46) 


The  real  part  of  the  relative  dielectric  constant  can  be  obtained  by  using 
Eq.  (46)  in  Eq.  (35),  and  at  ^23°?  and  f  *  2.902  KMc  is 


V: 

€0A 


=  2200 


(47) 


The  inductance,  L 


can  be  determined  by  rewriting  Eq.  (44)  as 


0)  0) 


2*1' 

X 


(48) 


The  large- signal  measurements  were  taken  in  the  frequency  range  from 
2.6  to  3.1  kMc,  At  f  -  2.6  kMc,  Eq.  (1*8)  gives  L  -  1.34  n^h  ,  while 
at  f»  3*1  ,  the  inductance  is  L  ■  1.36  rnaih  .  This  is  a  change  i*.  L 
of  less  than  2f>;  hence  an  average  value  of 

L«1.35n*ih  (49) 


will  incur  less  than  1^  error. 

The  small- signal  of  the  circuit  in  Fig.  25,  when 

lected,  is 


“<c0  +  b0> 


is  neg- 


(50) 


By  rearranging  Eq.  (50)  and  using  the  known  values  of  »  2«fQ  , 
bQ  ,  and  ,  the  value  of  aQ  is  determined  to  be 

“o^o  +  ho)  -3 

a  =  - - —  »  0.92  xlO  J  mhos  . 

s> 


(51) 
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The  turns  ratio,  n  ,  of  the  input  transformer,  ,  oan  be  deter¬ 
mined  in  two  ways.  The  first  involves  ^  and  the  second  involves  the 
standing-wave  ratio,  rln  ,  of  the  cavity  when  f  -  fQ  and  when  the  cav¬ 
ity  is  viewed  from  the  input  side. 

The  loaded  Q  of  the  circuit  of  Fig.  25,  when  G£  and  the  effect 
of  the  load  admittance  are  neglected,  is 

b  «b<coiy ,  (5g) 

^  *\  +  80 

Equation  (52)  can  be  solved  for  n  and,  when  the  knovn  values  of  m  , 

co  '  bo  ’  ro  ’  ao  ’  and  S,  are  use4’  yleias 

To  evaluate  n  by  the  second  method,  consider  the  circuit  of  Fig.  24 
when  the  output  admittance,  Yq  ,  and  Gq  are  neglected,  when  f  *  f  Q  , 
and  when  all  the  impedances  (now  real)  are  reflected  into  the  input  side 
of  Tx  . 

r 
x 


FIG.  33- -Equivalent  circuit  for  cavity  when  resonant 
and  viewed  at  the  input. 


The  caviuy  is  uncoupled  by  the  input  loop;  hence  its  impede  ce  at 
resonance  is  less  than  the  characteristic  impedan-*  of  the  input  trans 
mission  line.  Ginzton  shows20  that  in  this  special  case, 


r 


(5“) 
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where 


-in-. 


h  *  ac/n 


®ie  measured  value  of  is -2.0;.. hence. from  Eq.  (^4) 


l/2 


Voj 


0.152  . 


(55) 


The  values  of  n  obtained  in  Eqs.  (53)  and  (55)  agree  within  <#.  The 
average  of  the  two  values  will  be  used  and  is 

n  *  0.146  .  (56) 

The  turns  ratio,  m  ,  of  the  output  transformer,  Tg  ,  can  be  deter¬ 
mined  with  the  standing-wave  ratio,  rQU<t  ,  of  the  cavity  when  f  *  f Q 
and  when  the  cavity  is  viewed  from  the  output  side.  The  output  coupling 
is  very  light  and  since  the  impedance  presented  by  the  cavity  is  resis¬ 
tive,  Eq.  (5*0  can  again  be  used: 


r 


(57) 


where  r  «  rQut  .  In  this  case,  however,  the  resistance  coupled  into  the 
cavity  from  the  input  side  can  not  be  neglected;  hence  the  circuit  of 
Fig.  24  becomes  that  of  Fig.  34  when  is  neglected,  when  f  »  fQ  ,  , 
and  when  all  the  impedances  are  transferred  to  the  output  side  of  2^ 


FIG.  34- -Equivalent  circuit  for  cavity  when  resonant 
and  viewed  at  the  output. 
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The  circuit  of  Fig.  34  shove  that  T,  in  8q.  (57)  is 


By  substituting  Bq.  (58)  into  Bq.  (57),  using  the  known  values  of  n  , 
Tq  ,  aQ  ,  and  rftut  ,  and  solving  for  m  ,  one  obtains 


It  was  assumed  that,  as  a  result  of  the  light  output  coupling,  the  effect 
of  the  load,  IQ  .  on  Qq  and  on  the  input  impedance  of  the  cavity  at 
resonance  could  be  neglected.  This  assumption  was  used  in  Eqs.  (42), 
(50),  (52),  and  (p4),  and  can  now  be  checked.  When  reflected  into  the 
cavity,  the  output  load  is 

mYQ  *  0.045  x  10’3  ,  (60) 

and  is  4.9^t  of  aQ  ;  hence  the  maximum  error  incurred  with  this  assump¬ 
tion  is  4.9^—an  acceptable  error  when  compared  to  those  incurred  else¬ 
where. 

To  obtain  the  magnitude,  P  ,  of  the  drive,  iQ  ,  in  terms  of  the 
power  incident  on  the  cavity,  Pinc  ,  consider  the  circuit  of  Pig.  35 
where  it  is  assumed  that  the  cavity  presents  a  matched  load  to  the  line 
and  that  the  constant  current  generator  is  that  of  Fig.  24. 


FIG.  35- -Equivalent  circuit  cf  ^:g.  24  vher  the  cavity 
is  assumed  to  be  matched  to  the  generator. 
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Since  the  load  is  matched,  all  the  pc war  Incident  on  the  cavity  is 
absorbed  and  none  Is  reflected.  The  total  power  output,  P  ,  of  the 
Ideal  current  generator,  *6 » iG 


Half  of  this  power  Is  absorbed  by  the  generator  admittance,  YQ  ,  and 
half  Is  carried  as  P^c  to  the  cavity  admittance j  hence  in  this  notched 
system, 


[Vjvs- 


Nov  assume  that  the  load  presented  by  the  cavity  is  changed.  The  power 
output  of  the  generator,  ^gen  >  will  also  change;  however,  the  generator 
admittance  will  now  be  absorbing  not  only  power  from  the  generator  but 
also  the  power  reflected  from  the  cavity,  ,  due  to  the  mismatch. 

But  by  definition,  the  magnitude  of  the  current  output  of  the  generator, 

I 1q  |  ;  ha®  not  changed,  and  therefore  the  power  incident  on  the  cavity 
has  not  changed.  ThuB,  in  the  large-signal  measurements,  keeping  the 
power  incident  on  the  cavity  constant  is  equivalent  to  keeping  the  n*g- 
nltude  of  the  current  generator  in  ^ig.  25,  |iQ|  »  P  ,  constant.  By 
reflecting  the  current  generator,  ,  across  the  input  transformer, 

,  and  using  Eq.  (63),  the  magnitude  of  the  generator  in  Fig.  25  can 
be  written  as 


P  -  Kl  •  »KPlndl/2  *  0,°5®  J&l  , 


where  from  Eq.  ^32) 


P  ■  I  iQl  »  I A  cos  cut  +  B  ein  u>t  |  »  +  B2]1/2  . 

The  voltage,  v  ,  aciosr  the  ncnlinear  capacitance,  ,  is  linearly 
related  to  the  power  absorbed  in  the  output  load  of  the  cavity.  In 
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(65) 


reference  to  Fig.  24,  the  power  absorbed  in  the  lo&a  admittance  is 


\\ 


By  writing  Eq.  (65)  in  terms  of  v  instead  of  and  solving  for  AQ 
one  obtains 

11/2 


A0  “  iv|  -  - 


2 


A0  J 


210  p; 


1/2 

out 


(66) 


In  summary,  the  values  of  the  linear  parameters  in  the  circuit  of 
Fig.  25  have  been  obtained  in  Eqs.  (51),  (39),  (46),  (56),  (59)*  And  (49), 
respectively,  and  are 

Gq  -  (n2  +  m  )Yq  *  0.43  x  10*^  mhos 
aQ  *  0.92  x  10  mhos 

Cq  «  0.12  ppf 
bQ  *  2.10  ppf 

n  *  0.146 
m  -  0.0475 


L  -  1.35  auh  , 


and  from  Eqs.  (64)  and  (66)  the  magnitude  of  the  drive, 
response,  |v|  ,  are 


0.058  TV® 


210  P' 


,i/2 


Uol 


and  the 


Thus,'  in  the  large-signal  measurements,  curves  of  the  response  of  the 
cavity  with  a  constant  incident  power  level  can  be  obtained  by  measuring 
the  power  absorbed  by  the  load  aa  a  function  of  frequency.  These  curves 
can  then  be  uscu.  with  Eqs.  (64)  and  (66)  to  solve  Eq.  (34)  .ulteneously 
for  the  unknowns  a2  ,  a^  ,  bg  ,  and  . 
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F.  LARGE-SIGNAL  MEASUREMENTS 
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The  response  curve  of  a  linear  resonant  system,  when  plotted  for  a 
constant  drive  level  as  a  function  of  the  drive  frequency,  is  a  symmetri¬ 
cal  resonance  curve.  However,  if  the  system  contains  a  nonlinear  element, 
the  curve  of  the  response  will  no  longer  he  symmetrical  hut  will  he 
skewed  toward  higher  or  lower  frequencies  depending  upon  the  sign  of  the 
coefficients  describing  the  nonlinearity.  If  the  losses  in  the  nonlinear 
system  are  not  too  great  and  if  a  large  enough  drive  is  used,  the  response 
can  he  expected  not  only  to  skew  but  also  to  have  a  frequency  range  in 
which  the  curve  is  double -valued.  This  type  of  behavior  is  discussed  by 
many  authors1***1^*1®  and  predicted  from  equations  that  are  similar  in 
form  to  Eq.  (3*0«  However,  to  show  the  double-valued  portion  of  the 
curve,  it  is  nf  ary  to  sweep  the  frequency  into  the  bistable  region 
as  shown  in  Fit  .  To  establish  the  upper  branch,  the  frequency  of 
the  drive  must  start  from  below  the  double-valued  region  and  sweep  up¬ 
wards  until  there  is  a  discontinuous  Jump  downward  in  the  response;  and 
to  establish  the  lower  branch,  the  frequency  must  be  swept  from  above 
the  bistable  region  until  a  discontinuous  Jump  upward  is  experienced. 

When  the  small- signal  measurements  described  in  the  previous  section 
were  made  on  the  cavity,  the  temperature  of  the  ceramic  dielectric  post 
could  be  assumed  to  be  that  of  the  cavity.  However,  if  large  rf  fields 
are  established  in  the  cavity,  the  power  carried  in  these  fields  will  be 
dissipated  in  the  dielectric  with  the  result  that  its  temperature  will 
rise.  Therefore,  in  order  to  maintain  the  dielectric  post  at  the  cavity 
temperature,  all  the  large -signal  measurements  were  made  with  pulsed 
power.  But  with  a  pulsed  system,  the  frequency  sweeps  necessary  to  3hov 
the  double-valued  portions  of  the  response  curve  are  not  possible;  hence 
a  hysteresis  such  as  that  shown  in  Fig.  36  may  not  be  seen. 

When  the  measurements  are  made  with  pulsed  power ,  tne  cavity  vis t 
reach  the  steady  3iate  in  a  time  that  is  short  c-yjtpared  to  the  pulse 
length.  The  fields  in  a  cavity  will  reach  l/e  of  their  final  value  in 
Q^n  cycles.  Hence,  on  a  linear  basis,  the  time  constant  of  this  cavity 
is 

2Qt 

t  a  - **  3-^  mjisec  ,  (68) 

O) 
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FIG. 


36- -Typical  curve  of  the  response  of  a  resonant  system 
containing  a  nonlinear  element  (after  Stoker-1-  ). 
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vher*  the  frequency  is  that  of  the  si’'*  11-signal  resonance.  The  cavity 
can  be  assumed  to  have  reached  the  steady  state  in  4r  or  approximately 
14  mpsec.  The  shortest  pulse  length  used  In  the  large -signal  measure¬ 
ments  was  1*4  usee;  thus,  a  negligible  error  was  introduced  by  neglecting 
the  effects  of  electrical  transients  in  the  cavity. 

As  shown  in  Appendix  F,  a  negligible  error  (i.e.,  less  than  2$)  was 
introduced  by  assuming  that  the  electric  field  was  constant  across  the 
dielectric  post. 

2.  Instrumentation 

A  block  diagram  of  the  instrumentation  used  in  the  large-signal 
measurements  is  given  in  Fig.  37*  The  klystron  oscillator  supplied  a 
continuous  sigr.°l  to  the  traveling -wave  amplifiers.  The  final  amplifier 
was  tiiggered  10  times  per  second  and  supplied  a  1.4  usee  pulse  to  the 
cavity.  The  power  incident  on  the  cavity  was  monitored  through  a  20  db 
directional  coupler  with  a  thermistor  and  power  meter  so  that  it  could  be 
kept  at  a  constant  level  by  means  of  the  variable  attenuator.  The  inci¬ 
dent  power  was  also  sampled  by  a  20  db  directional  coupler  and  put  through 
a  transmission  vavemeter  to  a  crystal.  The  output  of  the  crystal  was  fed 
to  vertical  channel  no.  1  on  the  oscilloscope  for  observation  of  the  pulse 
shape  and  determination  of  the  frequency.  The  power  transmitted  by  the 
cavity  to  the  output  load  was  sampled  with  a  10  db  directional  coupler 
and  broadband  crystal,  and  the  power  level  at  the  crystal  could  be  con¬ 
trolled  with  the  precision  variable  attenuator.  The  output  of  the  crystal, 
after  being  amplified  with  a  30  db  amplifier,  was  fed  to  vertical  input 
channel  no.  2  on  the  oscilloscope.  For  each  point  of  the  data,  the  pre¬ 
cision  attenuator  was  set  to  give  a  3  cm  displacement  on  the  oscilloscope, 
and  the  necessary  attenuation  was  read  and  used  to  calculate  the  peak 
output  power  of  the  cavity.  This  procedure  was  repeated  at  different 
frequencies  with  a  constant  incident  power  level  until  a  complete  cuivo 
of  the  cavity  response  was  obtained. 

The  equipment  used  to  measure  the  cavity  response  was  C''  ibrated  by 
removing  the  cavity  from  the  circuit  anu  Placing  a  matched  load  at  point  B 
in  Fig.  37*  The  variable  attenuator  was  set  to  give  a  convenient  power 
level  at  point  C  where  the  average  power  level  was  read  with  the  thermis¬ 
tor  and  power  meter.  Following  this,  the  thermistor  was  removed  and 
point  A  vas  connected  to  point  C.  The  attenuation  needed  to  give  the  3  cm 


-  75  - 


deflection  on  the  oscilloscope  wee  found  on  the  precision  xmriable  attenu¬ 
ator  and  read.  The  peak  power  at  point  A  was  then  calculated  from  the 
average  power  reading  given  by  the  thermistor,  and  finally,  the  peak  power 
needed  at  point  A  to  given  the  3  cm  deflection  when  no  attenuation  was 
set  into  the  precision  attenuator  was  calculated.  Hence  all  the  readings 
of  attenuation  obtained  during  the  experimental  runs  gave  the  peak  power 
level  at  the  cavity  output,  point  A,  as  the  number  of  db  above  the  cali¬ 
bration  signal  level. 

3.  Thermal  Effects 

The  shape  of  the  cavity  output  pulse  as  seen  on  the  oscilloscope 
depended  upon  the  frequency  of  the  applied  signal.  This  variation  of 
shape  with  freq^ncy  is  shown  by  the  photographs  of  the  oscilloscope 
trace  given  in  Pig.  38  where-  in  all  cases,  the  sweep  was  1  cm/usec. 

Figure  38a  shows  the  1.4  usee  incident  pulse  from  the  final  amplifier; 
while  Pigs.  38b,  38c,  38d,  and  38e  show  the  output  pulse  when  the  fre¬ 
quency  of  the  drive  was  varied  through  the  resonance  from  low  to  high 
frequencies,  respectively,  and  when  the  precision  variable  attenuator 
was  set  to  give  a  3  cm  deflection  on  the  oscilloscope.  Figure  38b  was 
taken  when  the  frequency  was  far  below  resonance  and  shows  a  slight  drop 
in  the  magnitude  of  the  pulse  from  its  initial  value  (the  pulse  starts 
on  the  right  in  the  photographs).  As  the  frequency  of  the  drive  was 
increased,  the  magnitude  of  the  output  pulse  increased  as  did  the  rate 
at  which  the  pulse  magnitude  fell  off  with  time  until  a  frequency  was 
reached  at  which  the  initial  value  of  the  pulse  was  at  a  maximum.  The 
pulse  shape  at  this  frequency  is  shown  in  Fig.  38c.  As  the  frequency  of 
the  drive  was  increased  still  further,  the  peak  of  the  response  became 
displaced  in  time  from  the  start  of  the  pulse.  That  is,  the  peak  would 
move  to  the  left  in  the  photographs  as  the  frequency  was  increased 
(Fig.  38d)  until  it  had  moved  completely  off  the  pulse  (Fig.  38e).  The 
output  level  of  the  pulse  shown  in  Fig.  38d  4s  approxinately  12  above 
that  shown  in  F^g.  38e,  This  motion  of  the  peak  of  the  rest*-  se  is  better 
shown  with  a  longer  pulse.  Figure  39*  shows  an  incident  pulse  of  approxi¬ 
mately  7  usee  duration.  Figure  39b  shows  the  output  pulse  when  tne  fre¬ 
quency  was  slightly  above  that  where  the  initial  response  vac  at  a  maximum 
and  shows  that  the  peak  of  the  response  occurred  approximately  0.5  usee 
after  the  start  of  the  pulse;  while  Figs.  39c  and  39d  show  that  when  the 
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(a)  Incident  Pulse 


(b)  f  *  2.593  kMc 


(c)  f*  2.9^3  kMc 


(d)  f  *  3.090  kMc 


(e)  f  »  3.U0  kMc 


FIG.  38--Oscilloscope  trace  photographs  of  the  cavity 
output  pulse  at  various  frequencies  when  Ihe 
peak  incident  power  level  is  2000  watts.  The 
sweep  speed  is  1  cm/^sec  and  time  increases 
to  the  left. 
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(a)  Incident  Pulse 


(b)  f  =  3.140  kMc 


(c)  f«  3.178  tofc  (d)  f  *  3.233  kMc 


FIG.  39--Oscillo6cope  trace  photographs  of  the  cavity- 
output  pulse  at  various  frequencies  when  the 
peak  incident  power  level  is  2000  watts.  The 
sweep  speed  is  1  cm/^sec  and  time  increases 
to  the  left. 
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frequency  was  further  increased,  the  peak  of  the  response  was  displaced 
approximately  1.7  nsec  and  5.U  nsec,  respectively,  from  the  start  of  the 
pulse. 

The  cause  of  thie  phenomenon  can  ha  understood  by  considering  the 
heat  generated  in  the  ceramic  during  a  single  pulse.  The  dielectric  post 
is  virtually  an  isolated  thermal  system  during  the  time  of  the  pulse 
because  its  thermal  conductivity  was  low;  hence  during  the  pulse  the 
ceramic  did  not  rid  itself  nf  the  heat  generated  by  the  rf  fields,  and 
its  temperature  therefore  rose.  An  approximation  of  the  temperature  rlee 
can  be  obtained  by  considering  the  following  elementary  equation: 

Q  -  cmAT  (69) 

where  Q  is  I,eat  in  cal, 

c  is  the  specific  Mat  in  cal/g»  C  , 
m  is  mass  in  g  ,  and 

is  the  change  in  temperature  in  °C  . 

The  density  of  the  ceramic  was  determined  to  be  5*2  g/cc  and  the  mass  of 
the  dielectric  post  was  calculated  to  be  1.33  x  10-2,  g.  It  is  reasonable 
to  assume  that  the  specific  heat  of  the  ceramic  was  approximately 
0.2  cal/g.°C.  If  it  is  also  assumed  that  the  peak  input  power  to  the 
cavity  (hence  the  power  dissipated  in  the  ceramic  post)  was  1  kw,  that 
the  ceramic  post  was  an  isolated  thermal  system  and  that  the  electrical 
system  was  linear,  then  the  temperature  rise  during  a  1*4  psec  pulse 
calculated  from  Eq.  (69),  was 

^  "  cm  “  12,6°C  "  22’6°F  *  (70) 

The  small- signal  resonance  of  the  cavity  occurred  at  approximately  2.9  kMc 
when  the  temperature  of  the  dielectric  was  123°F;  however.  If  its  tempera¬ 
ture  were  150°F,  the  resonance  would  have  occurred  at  a  higher  frequency 
due  to  the  change  in  the  dielectric  constant.  From  Fig.  6  the  relative 
dielectric  constant  of  this  ceramic  at  123°F  is  approximately  2100  wnile 
at  150°F  it  is  approximately  1550.  Since  the  sma]  1-signal  r'  ,ixant  fre¬ 
quency  would  be  shifted  by  approximately  me  square  *oot  of  the  ratio  of 
the  dielectric  constant  at  the  lower  temperature  to  that  at  the  higher 
temperature,  the  resonant  frequency  would  shift  by  a  factor  of  approxi¬ 
mately  1.16  or  from  2.9  kMc  at  123°  to  3.^  kMc  at  15C°F. 
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On  the  basis  of  the  simplified  analyeis  made  above,  one  can  predict 
the  manner  in  which  the  magnitude  of  the  cavity  response  vcuM  vary  dur¬ 
ing  the  time  of  a  pulse  when  the  cavity  ie  driven  with  a  high-power 
incident  pulse  whose  magnitude  in  constant.  The  initial  response,  as 
seen  on  the  oscilloscope,  would  be  proportional  to  the  fields  in  the 
cavity  when  the  temperature  of  the  dielectric  was  that  of  the  cavity 
(123°F)  and  when  the  maximum  cf  the  resonance  curve  was  in  the  region 
of  2.9  kMc.  But  as  time  increased,  the  temperature  of  the  dielectric 
would  rise  until,  at  the  end  of  the  pulse,  the  response  would  be  propor¬ 
tional  to  the  cavity  fields  when  the  temperature  of  the  dielectric  was 
greater  than  that  of  the  cavity  (150°F)  where  the  maximum  of  the  reson¬ 
ance  curve  would  now  occur  at  a  higher  frequency  (3*4  kMc)«  This  is 
roughly  equivalent  to  the  resonance  curve  sliding  toward  higher  frequencies 
during  the  time  of  the  pulse.  If  the  frequency  of  the  drive  were  above 
2.9  kMc  but  below  3.4  kMc,  one  could  expect  that,  during  the  pulse,  the 
response  would  start  at  a  low  value,  build  up  to  a  peak  and  then  fall  off. 
As  shown  by  Figs.  38d,  39b,  39c ,  and  39d,  this  is  what  was  observed. 

This  analysis  does  not  take  into  account  either  the  nonlinearity  of 
the  dielectric  or  the  changes  in  the  nonlinearity  of  the  dielectric  which 
probably  occur  during  the  time  of  the  pulse.  Also,  it  was  assumed  that 
the  input  power  was  constant  wUcu,  in  fact,  the  incident  power  was  held 
constant  and  the  shape  of  reflected  pulse  was  the  inverse  of  that  of  the 
response  pulse.  The  analysis  does  indicate,  however,  that  only  the  ini¬ 
tial  response  of  the  cavity  should  be  used  for  the  measurements. 

Another  thermal  effect  must  also  be  considered.  If  the  heat  gener¬ 
ated  by  the  rf  in  the  dielectric  during  a  pulse  is  not  dissipated  before 
the  next  pulse,  the  initial  response  of  the  cavity  will  be  for  the  cera¬ 
mic  operating  at  some  temperature  above  that  measured  wi*h  ^he  thermometer. 
To  insure  that  this  was  not  happening,  the  pulse  repetition  frequency  was 
reduced  while  monitoring  the  shape  of  the  output  pulse.  The  system  was 
triggered  automatically  at  10  pulses  per  second  and  then  triggered  manu¬ 
ally  at  approximately  1  pulse  per  second.  No  change  in  eit*  .  the  initial 
response  or  in  the  overall  pulse  shape  was  observed j  however,  when  the 
trigger  rate  was  set  at  100  pulses  per  second,  the  response  was  radically 
changed.  A  pulse  repetition  frequency  of  10  pulses  per  second  v*us  thr.'C 
fore-  used  in  all  the  large -signal  measurements. 
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4.  Results 

Curves  of  the  peak  output  power  of  the  cavity  are  given  in  Fig.  40 
aa  a  function  of  frequency  for  three  constant  incident  power  levels. 

The  portions  of  the  response  curves  on  the  liigh- frequency  side  of 
the  maxima  are  not  shown  since  here  the  initial  response  of  the  cavity 
was  obscured  by  the  heating  effect  and,  at  any  given  incident  power  level, 
it  was  necessary  to  increase  the  frequency  until  the  peak  of  the  response 
was  well  removed  from  the  start  of  the  pulse  and  an  initial  step  was 
evident  as  shown  in  Figs,  38d  and  39b. 

The  curves  of  Fig.  40  can  be  used  with  Eq.  (34)  to  determine  the 
unknown  coefficients, 

p2  •  {('*0  +  G0>A0  +  i  *2*03  +  £  Vo5}2 

+  {[<o(C0  ♦  bQ)  *^]a0  +  |  b2oAQ3  +  §  b^}  . 

The  constant  parameters  of  this  equation  have  been  evaluated  in  Eqs.  (39), 
(46),  (49),  (51),  (56),  (39),  (64),  and  (63)  and  are: 

aQ  *  O.92  x  10  mhos 

Gq  -  (n2  +  m2)YQ  -  0,43  x  10~3  mhos 

bQ  »  2,10  fl|if 

CQ  -  0,12  ppf 

L  -  1.35  n*ih 

P  a  0.058  P^2  where  Pinc  is  in  watts  of  peak  power 
Aq  -  210  P^2  where  Pqu^  is  in  watts  of  peak  power. 

Using  these  values,  Eq.  (34)  becomes 

p  / 

3.36  x  10‘3  -  |o.283  +  6.95  x  106  Pout  a2  +  2.56  x  1011  P2ut  a^j 

Pout 

1  'H2.91*  x  10‘9f  -  2-6-*  —  j 

+  4.36  x  107f  Pout  b2  +  1.61  x  1012f  P2ut  b4}2  . 

(71). 
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The  use  of  a  Burroughs  220  computer  to  eolve  Bq.  (71 )  simultaneously 
with  values  of  Pinc  ,  ,  and  f  taken  from  the  curve  &  of  Fig.  40 

indicated  that  the  experimental  errors  were  too  large  to  allow  a^  and 
b^  to  be  determined  but  that  a  range  for  a2  and  bg  could  be  esti¬ 
mated.  The  estimated  range  of  a£  was 

-  1  x  lO"8  <  a2  <  1.5  x  10*8  , 

and  that  of  bg  was 

-  2  x  10’18  <  b2  <  0  . 

These  limits  on  a2  and  bg  are  so  broad  as  to  be  virtually  meaningless. 

It  was  therefore  decided  that,  after  dropping  tne  terms  involving 
a^  and  ,  Eq.  (71)  should  be  fitted  to  the  curves  of  Fig.  40.  The 
largest  error  in  the  constant  terms  of  Eq.  (71)  could  be  expected  to 
occur  in  the  turns  ratio,  m  ,  of  the  output  transformer  in  the  equivalent 
circuit,  since,  as  shown  by  Eq.  (59)#  the  calculated  value  of  this  ratio 
includes  the  errors  arising  from  the  determination  of  the  input  turns 
ratio  n  ,  from  the  determination  of  the  loss  term  aQ  ,  and  from  the 
measurement  of  the  large  standing-wave  ratio  rQut  .  As  can  be  seen 
from  Eqs.  (34)  and  (66),  a  change  in  m  has  a  relatively  large  effect 
since  the  square  as  well  as  the  sixth  power  of  the  reciprocal  of  this 
ratio  enters  into  Eq.  (71)  when  the  terms  In  a^  and  b^  are  dropped. 

To  offset  this  error,  Eq.  (71 )  was  fitted  to  the  60  watt  curve  of  Fig.  40 
(since  here  the  contribution  of  the  nonlinear  terms  is  relatively  s.-  .11) 
with  a  change  in  m  of  1.6.  Curves  were  then  plotted  using  the  modified 
form  of  Eq.  (71)  with  various  values  of  ag  and  bg  .  In  this  way  it 
was  possible  to  set  much  narrower  limits  on  a£  and  bg  than  those 
obtained  with  the  computer  because  a  relatively  small  in  the  value 

of  either  term  radically  changed  the  shape  of  the  plotted  curves.  The 
estimated  value  of  a£  is 

a£  »  +  8.4  x  10~9  ±  1.0  x  lv’9 
while  that  of  b£  is 

b2  «  -  2.4  x  10“19  ±  0,6  x  10~l9  . 

It  is  felt  that  these  limits  ere  wide  enough  to  allow  additional  correc¬ 
tion  of  the  turns  ratio  or  changes  in  the  other  linear  terms.  These 
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values  agree  with  those  obtained  durir g  the  testing  of  an  harmonic  generator 
vh<ch  employ*  thia  ceramic  dielectric  as  its  nonlinear  element  and  which 
has  bean  doslgnad  and  built  in  this  laboratory. 

The  dashed  curvas  of  Fig.  40  ara  plotted  with  valuaa  of  ♦  2.4  x  10*^ 
and  *  2.4  x  10*^  for  a^  and  bg  respectively  and,  whila  the  fit  is 
not  axact,  cliangas  on  tha  ordar  of  lOfl  in  althar  *2  or  bg  caused  the 
fit  to  datariorata  markedly, 

The  value  of  tha  rf  conductivity  of  tho  ceramic  (73*  BaTiO^-27^  SrTiO^) 
can  be  calculated  from  the  value  of  *2  and  Eq.  (17)  ond  is 


«(*)  ■  j  ^  »n«8)n  -  8l5  +  (5.7  X  10*ia  t  2.4  x  10"12)S2  mho./moter 
n  even 

where  t  is  tha  length  o.  tha  dielectric  post  In  meters 

A  is  the  cross-eectional  area  of  tho  post  in  square  meters  and 
I  is  ths  electric  field  intensity  in  volts  per  meter. 

The  large -signal  dielectric  constant  can  be  nimllarly  obtained  with  Eq.  (19) 
and  is 

«'(E)  •  \  ^b^E)2  *  «0(2200  -  (6.J  x  10’11  *  1,6  x  10"U)I2) 
n  even 


whort  «Q  Is  the  dielectric  constant  of  free  space. 

The  peak  incident  power  levels  of  the  curvas  shown  in  Fig-  40  ranga 
from  60w  to  900w,  and  tha  corresponding  peak  rf  fields  established  in  the 
dielectric  can  be  obtained  with  Sq.  (66)  and  the  maxima  of  the  curves  of 
the  cavity  response.  Using  this  equation  and  the  correction  factor  for 
m  ,  the  peak  electric  fields  In  the  dielectric  ware 


210  p; 


.1/2 

out 


X  1.6  •  6610  p; 


,1/2 

out 


(72) 


From  Fig,  4o  and  gq,  (72),  the  maximum  electric  field  in  the  dielectric 
ranged  from  approximately  6.0  kv/em  wit*’  60  v  peak  incident  power  to 
IV 5  kv/cm  with  900w  peal;  incident  power. 

The  field  strength  obtained  experimentally  from  the  60  watt  curve 
and  Eq,  (72)  car;  be  used  to  cheek  the  correction  factor  for  m  by  cal¬ 
culating  the  field  strength  in  the  dielectric  with  the  definition  of  Q 


and  the  expression  for  energy  storage: 


W  -  |  =  |  eE2?  , 

where,  in  this  case, 

V  is  the  energy  stored  in  the  cavity 

P  is  the  power  dissipated  *  pin(J(rln  •  l)/(rln  +  l))2 

V  is  the  volume  of  the  dielectric  cylinder,  and 
E  is  assumed  to  he  a  constant  in  the  dielectric* 

Solving  for  E  and  substituting  the  known  values  of  Q  ,  a>  ,  P  ,  €  ,  and 
V  gives  a  maximum  electric  field  field  in  the  dielectric  of  6.5  kv/cm. 
This  value  is  within  10$  of  that,  obtained  above  and  is,  therefore,  a 
reasonable  check  on  the  correction  factor  for  m 

A  more  accurate  method  for  measuring  the  nonlinearity  of  a  ceramic 
dielectric  would  probably  result  from  casting  the  response  of  the  equiva¬ 
lent  circuit  in  terms  of  the  power  reflected  by  the  cavity  for  in  this 
case  it  would  not  be  necessary  to  use  an  output  transformer  whose  turns 
ratio  could  only  be  obtained  with  a  limited  accuracy. 
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APFBfDU  A 


soumoK  or  bouwabt  value  probifm  for  fmall-sigral  icasurembhxs 

The  geometry  used  is  that  of  Fig.  A.l. 


FIG.  A.l— Schematic  'iagram  of  sample  configuration. 

For  Fig.  A.l, 

Region  I,  an  air-fillea  section  of  the  waveguide,  has  a  real 
characteristic  impedance,  ZQ  ,  and  a  real  propagation 
constant,  (3  . 

Region  II,  a  section  of  the  waveguide  which  is  filled  with  a 
nonlinear  dielectric,  extends  from  z  *  ra  to  z*m  +  dj 
and  has  both  a  complex  characteristic  impedance,  Z^  ,  and 
a  complex  propegation  constant,  r  . 

Region  III,  an  ail-filled  section  of  the  waveguide,  is  termin¬ 
ated  by  a  matched  load  and  has  a  real  characteristic  imped¬ 
ance,  ZQ  ,  and  a  real  propagation  constant,  p  . 

Since  both  faces  of  the  dielectric  are  perpendicular  to  the  axis  of  the 
waveguide,  only  the  dominant  mode  should  be  excited.  And  since  wall 
losses  in  the  waveguide  can  be  neglected  when  compared  to  those  in  the 
dielectric,  the  fields  in  Regions  I,  II,  and  III  can  be  written  c  , 

Region  III:  Ey  «  Ae‘^z 


aegi f>L.  II:  By  *  Be  ^  *  Cte4l'z 
Hx  Z  J  * 


Kegion  I:  By  *  De*^z  +  Be+J&Z 


H i-S 


(A.l) 


where  A  ,  B  ,  C  ,  D  ,  and  E  are  functions  of  x  and  y  ,  and  the 
time  dependency,  e^03^  ,  is  assumed  but  not  written. 

Wjc  boundary  conditions  are  that  Ey  and  must  oe  continuous  at 


y,i 


y,n 


m  +  d  ,  hence 

*  Ey,II 

and 

Hx,I 

'  Hx,II  at 

“  Ey,in 

and 

Hx,II 

■  Hx,m  at 

.} 


(A.2) 


Substituting  Eqs.  (A.l)  into  Eqs.  (A.2)  yields 

De-Jffc  +  Ee+JP"  =  Be*01  +  Ce+I'm 
D  -Jpm  E  +Jpo  B  *r»  -tTa 

mh  zo  *zi 

B e-r(nrtd)  4  ^(BHd)  „  Ae-jp(nrtd) 

B  -r(urtd)  C  +T(m+d)  A_  -J0(m4d) 
Zle  ’  Zl  *  Z  * 


(A. 3) 


Letting  z  **  m  -  0  and  solving  Eqs.  (A. 3)  simultaneously  for  D/A  ,  gives 

S.2 

-rdl 


(A.U) 


A  A* 


The  transiul  s&ic..  cnrough  the  dielectric  is 

_ Power  to  the  load  in  Region  III _  _  _ 

T  *  Power  incident  to  the  dielectric  in  Region  I  "  D  D*  ' 

where  *  indicates  the  complex  conjugate. 


&  ,  (A.5) 
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Substituting  Eq.  (A. 4)  into  Eq.  (A. 5)  and  noting  that  ZQ  and  p  ore 
real  while  and  r  are  complex,  gives  the  reciprocal  of  transmission  aa 


1  DD» 
T  A  A* 


In  or^er  to  reduce  Eq.  (A. 6),  expressions  for  Z^  ,  ,  and  r  are 

nepded.  The  va,re  equation  for  transverse  electric  waves  in  rectangular 
waveguide  is 

VA  -  -  kc\  ’  <A-7) 


where  in  Region  II, 


2  2  2  2 
r  +  k  *  r  +  CD  n€  , 


(A.8) 


and  Vj»2  is  the  Laplacian  operator  taken  with  respect  to  the  trans¬ 

verse  coordinates,  x  and  y  . 

22 

From  the  solution  of  Eq.  (A. 7)  it  can  he  shown  that,  in  Regions  I  and  III, 


zo-2t 


1 

'0  L 


-&) 


-1/2 


(A.9) 


where  fQ  is  the  cutoff  frequency  of  the  air-fillea  waveguide,  and 
is  the  permeability  of  free  space. 

For  the  dominant  5Q510  mode  in  the  waveguide,  kQ  is  given  by 


(A. 10) 


where  a  ic  the  width  of  the  waveguide,  i.e.,  the  x-dimension. 

The  definitions  of  the  complex  dielectric  constant  and  less  tangent  have 
already  been  given  and  are  Eqs,  (2)  and  (4),  respectively: 

•  '  * 


€**€*-  jc"  and  tan  5 
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Substituting  Eqs.  (4),  (9),  and  (A.10)  into  Eq.  (A.8),  results  in 

r  *  [(a)  *  ®2u€'(1  -  J  tan  6)J  ^ 

It  is  assumed  that  foi  the  nonlinear  dielectric*  of  interest 
(c'/Gq)  *  k'  >  100  ,  hence, 

“V*  ^(f)2  • 


Therefore,  Eq.  (A.  11)  can  be  written 


r  S  [-  0>2ti0e’(l  -  j  tan  6)]1/2  =  [l  -  J  tan  s]1/2  .  (A.13) 

Using  a  binomial  series  expansion  for  Eq.  (A.13)  produces 


S 


i  4  tan  6  ,  tan  5 

1  J  +  H 


It  can  be  assumed  that  in  Region  II  tar  6  «  1  ;  therefore  Eq.  (A.l4) 


Also  in  Region  II,  the  complex  characteristic  impedance  Is 


2i  * 


Substituting  Eq.  (A.15)  into  Eq.  (A.l6),  gives 

1  HIT  r  tan  6“ 

K  *  — - r--  —  i  +  J -  .  (A.r 

\  €*  ll  -  J(tan  6)/2]  \  e'  L  2  . 

Substituting  Eqs.  (A.15)  and  (A. 17)  into  Eq.  (A. 6),  neglecting  the  term 
2 

involving  tan  6  ,  and  simplifying,  results  in 

-  - - 2 -  (zn  +  P)  exp(a)Janc'  d  tan  &) 

T  iez02(,l0/e')  \°  V  f  /  vvo  ' 

4  2 

+  (Z0  ’  \|“)  exp(*  d  ten  6)  -  2(202  ~  *7)  cos  2dui\fcp 

+  ^0  ^7 tari  6  (2o2  *  ”)  eili  ^  v/v7  •  <A’1! 
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Sine*  it  fou  teen  assumed  that  (e‘/«0)  >  100  ,  the  term  involving 
•in  2do>^ e*  in  Eq.  (A.  18),  can  he  neglected.  Simplifying  Eq.  (A.18) 
further  reduce*  the  expression  for  l/T  to 


-  -  /[{X  +  b)2  8+X  -  (1  -  b)2  e'x]  +  4(1  -  b2)28in2<Ja)^?'\,  (A.19) 

T  16b  v  J 


d  »  sample  thickness  in  meters. 

2  2 

Since  1  »  b  »  b  ,  terms  in  b  can  be  neglected  in  Eq.  (A.19),  which, 
after  still  further  simplification, becomes 


1 

T 


-U 

4b2  l 


o  2 

[sinh  x  +  2b  cosh  x]  +  sin  cUd 


fi?} 


(A.  SO) 


Let  he  the  maximum  of  transmission  when  m  *  cdq  ,  and  ca^g  ** 

the  a)  when  T  -  T Assume  x  ,  b  ,  and  e1  vary  slowly  with  o>  . 
When  to  =  o^j  , 

du^  -  nrt  n  ■  l,2,3,V-i  (A. 21) 


(A.20) 

becomes 

1 

i  r 

Tmax 

*-i  i 
4b2  L 

-^/2 

,  Eq.  (A. 

2 

1  f, 

T 

max 

“I?  I' 

^  1“  *  * 


A.  22) 


i2  .  —2,, 


Let 


*  °ty2  '  %  * 


(A.  24) 
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Subtracting  Eq.  (A.22)  from  Eq.  (A.^),  employing  2qs.  (A. id)  and  (A.2U, 
and  simplifying,  give* 

as>  sii  -  {tJtfH2 


(A.25) 


Substituting  Eq.  (A.  21)  into  Eq.  (A*  25)  and  rearranging  yields 


slnn*^=15n  n  =  1,2,3, k,.... 


(A.  26) 


where 


0 

V 

AT 


*  the  frequency  of  the  Maximum  of  transmission, 
«  the  frequency  at  Tmax/2  > 

-  fl/2  '  f0 

2[X  -  (f^)2]1/2 

(V/  d’f°'kMe  ’ 


d* 


sample  thickness  in  cm. 


fO,kMc  *  f0  x  10 


r9 


f^  *  cutoff  frequency  of  the  waveguide. 
Equation  (A. 21)  can  now  be  restated  as 

(,.) 1/2.  x, 2,3,4 . 


;; 


0,kMc 


(A.27) 


When  cd  »  cdq  ,  Eq.  (A. 20)  becomes  Eq.  (A.22),  which  car  be  simplified  with 
Eqs.  (A. 21)  and  (A.27)  to  become 


a 

15n 


sinh  ~  tan  6  +  ^  (T  cosh  ^  tan  6  . 


15n  '  max 

Equation  (A. 28)  can  be  put  into  a  form  that  is  not  transceniential  by 
expressing  the  sinh  and  '•osh  terms  as  exponentials,  simplifying, 
and  using  the  quadratic  form,  to  give 

exp  (f  tan  6)  - 


(A.  28) 


(A.29) 


where 


1  -  F 
1  +  F 


■  "  1  f  F  ’■ 


F  =  ■ 


a/l5n 


(i/t  ) 

s  '  max' 


1/2  ■ 
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Aa  explained  in  the  text,  Eqs.  (A.?o)  and  (A. 27)  yield  the  real  part  of 
the  re  la  tire  dielectric  constant,  k'  ,  froa  the  aeaaured  data,  while 
Eq.  (A. 29)  yields  the  loss  tangent,  tan  6  . 
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apusdh  b 


EKRIVATIOK  Of  IHCSEMOrVt  IZHAVXCH  OF  A  TOTED  CAVXTT 

Consider  a  resonant  cavity  containing  a  dielectric  whose  dielectric 
constant  can  be  changed.  At  a  given  dielectric  constant,  Maxwell’s  curl 
equations  can  be  written  for  the  volume  inside  the  cavity  as 

V  x  E  *  -  fax')  } 

„  >  ,  (B.1) 

yx  K  *  JomS  J 


€  «  -  j€g  . 

Note  that  a  notation  differen4-  from  that  of  the  text  is  used  to  distinguish 
the  real  and  Imaginary  parts  of  the  complex  dielectric  constant.  At  a 
slightly  different  value  of  dielectric  constant,  one  can  write 


7  X  E’  *  - 

7x  H'  *  Jco’e'E'  /' 


By  vector  identity, 


J E’*(V  X  H)dV  -  JV(7  X  E')dV  -J E*  x  H-OA  ,  (B.3) 

where  V  is  the  volume  enclosed  by  the  cavity  and  A  is  the  surface 
area  enclosing  V  «  Employing  Eqs,  (B.l)  and  (B.2)  in  Eq.  (B.3),  assum¬ 
ing  that  vail  losses  can  be  neglected,  and  assuming  that  the  cavity  is 
not  externally  loaded,  gives 


!*E‘dV  =  -  a)’ 


'J  uH-H’dV  . 


Similarly,  one  obtains 


n'Jc'E-E'dV  «  -  u>  J  uH-H'dV 


Combining  Eqe.  (B. 4)  and  (B.5)  produces 

/ o^\2  Je  E-E’dV 
\as  )  =  Je'E-E’dV  : 


Let 


and 


©*  *  m  *  ca> 

€'  *  -  Jc£  *  -  j(c2  +  ACg) 


(B-7) 


Substituting  Eq.  (B.7)  Into  £q.  (B.6),  neglecting  second-order  terns  in 
A  and  assuming  tan  6  «  1  ,  results  in 


Acs  1  /€1E-E*dVd  A€x 

<d  2  /e0B*E'dV0  +  /cjB"E'dVd  cx  * 


(B.8) 


where  cQ  Is  the  dielectric  constant  of  free  space, 

VQ  is  the  volume  inside  the  cavity  but  external 
?d  is  the  volume  of  the  dielectric. 

The  fields  are  changed  very  little  by  the  incremental 
dielectric  constant,  Ac^  ,  *  nee  Eq.  (B.8)  can  be  written 

Af  1  aH1  PL  Aex 
f  ’*2  PL<»(V1  +  W0)  h’ 


to  the  dielectric, 

change  in 
as 


(B.9) 


where  Is  the  electrical  energy  stored  in  the  dielectric 

-  |  /« ’ 

Wq  is  the  electrical  energy  stored  in  the  electric  field 
outside  the  dielectric  *  ~  /e0E'EdV0  , 

P^  is  the  total  power  lost  and  is  assumed  equal  to  the  power 
lost  in  the  dielectric. 

Now  the  quality  factor  of  the  dielectric,  Qd  ,  equals  (l/tan  6)  *  * 
and  the  system 

«(W1  +  W0) 


hence. 


Af 

f 


2  Q  tan  5  e. 


or  in  the  notation  of  the  text, 

Af 
f 


Ac* 


2  Q  tan  b  e’ 


(B.10) 


It  should  be  emphasized  that  here  Q  is  the 
dielectric  is  included. 
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Q  of  the  cavity  when  the 


AFPHGXDC  C 


vamxxM  or  naaoHL  hbuviqr  of  iwsb  shift® 

Consider  so «e  waveguide  configuration  containing  a  dielectric  vhose 
dielectric  constant  can  be  changed. 


FT3.  C.l _ lfaveguide  configuration  with  nonlinear  dielectric. 


Only  the  dominant  waveguide  mode  propagates  at  planes  1  and  2.  For  a 
given  dielectric  constant,  Hutwell’s  curl  equations  can  be  written  for 
the  volume  between  planes  1  and  2.  These  are 

y  x  E  *  -  JohiH  ,  (c*1) 

yx  H  *  Jow-E  ,  (c-2) 


€  =  6X  -  j€g  . 

»ote  that,  as  in  Appendix  B,  a  notation  different  from  that  of  the  text 
is  used  to  distinguish  the  real  and  imaginary  parts  of  the  complex  di 
electric  constant. 

At  a  slightly  different  value  of  dielectric  constant,  one  can  write  ■ 
y*K‘  =  -  JomH '  ,  (C.3) 

yx  H1  *  JDS’E'  .  (c*u> 

Using  Eqs.  (C.l)  and  (CA)  yields  the  expression 

JV-(K  X  H,#)dY  -  Jb  x  H'#*dA  X  H‘**dA2  -  js  X  H’^-d^ 

=  Jv  **y  X  BdV  -  Js'SJ  X  H’  MV 

a  Jh’M-  -  jt(-  Jcoe’^E’MV  ,  (C.5) 
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where 


*  indicate®  the  complex  conjugate, 

V  is  the  volune  enclosed  between  planes  1  and  2,  and 
and  Ag  are  the  areas  at  planes  1  and  2  respectively. 
Similarly  using  Bq®.  (C.2)  and  (C.3)  gives 

Jv  x  H**dA2  -J*'  x  *  -  Ja^H*-H'dV  +  J{fre*) E’.E*dV  <  (C.6) 


}• 


For  a  constant  input  signal  at  plane  1,  one  has 
E*(l)  -  E(l) 

H*(l)  -  H(l) j 

The  fields  at  plane  2  are 

E  (2)  -  E(l)  e'j°  e*a 

H  (2)  *  H{1)  e‘*Q  e"a 
E’(2)  -  E(l)  e‘,J0,e"a' 

H'(2)  *  H(l)  e'^'e^'v 

where  Q  is  the  total  phase  shift  between  planes  1  and  2,  and 
a  represents  total  loss  between  planes  1  and  2. 

For  small  changes  in  dielectric  constant,  one  can  write 


and 


(C.7) 


(C.8) 


(C.9) 


fC.10) 


In  this  analysis  only  the  first-order  incremental  terms  are  included. 
From  Ecs.  (C.8)  and  (C.9)  one  obtains 

Jz  x  K'*-dA2  -Je  x  H,#-dA1  -  [eJAV2'e***  -  l]  Je(1)  x  HU)*^ 

J  (C.ll) 

S^ilarly,  one  can  obtain 


Je*  x  H*-dA2  -  Je'  x  K*^  =  -  i]Je(1)  x  Il(l)*-dA1 


(C.12) 
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Subtracting  Eq.  (C.12)  fro*  (C.ll)  and  employing  Eqs.  (C.5)  and  (C.6), 

[tP0  -  e'^je^e'^EU)  x  H(l)*-dAx  -  -  Jo*i|(H'**E  -  H'*H*)dV 

+ -  B'-E*)dV  +  K'Wd  ,  (C.13) 

where  the  last  integral  ia  taken  over  the  volume  of  the  dielectric  since 
Ae  exists  only  within  the  dielectric.  Substituting  Eq.  (C.10)  Into 
Eq.  (C.13)  and  equating  the  imaginary  terms  while  aesunaug  £6  and  AS 
small  gives 

2Z$c'20C  He  |Je  x  H*»dA^ 

Ae  r  0  2  tan  6  Im(/(AB/E)e.lE!2dV  l 

=  cd  -  /e-lEj^dV,  1  + - - - 1 ^  ,  (C.14) 

1  d[  Otol/«l)/€1Ll*r«rd 

where  Re  {  }  means  "real  part  of  {  )  ", 

Im  {  }  means  "imaginary  part  of  {  }  ",  and 
tan  6  =  e^/zi  * 

Now  tan  5  <  .1  and  if  the  insertion  lose  is  low,  Eq.  (C.lU)  reduces  to 

atfe’30  R c|Je  x  H^.dAjW  to  —  JejE^dVj  .  (C.15) 

Vj  €1 

To  evaluate  the  right-hand  side  of  Eq.  (C.15),  use 

JV*E  *  H*dV  =  Je  x  H#’dAg  -Je  x  H*^  .  (C.16) 

Substituting  Eqs.  (C.l)  and  (C.8)  into  Eq.  (C.l6)  and  equating  the  real 
parts  yields 

Jex\ E|2dVd  »  -  —  (e'301  -  1)  Re|jfi  x  H^dA^  .  (C.l?) 

Using  Eq.  (C.17),  Fq.  (C.15)  becomes 

1  (e2®  * 

&6  * - i  .  (C.l8) 

2  tan  6 
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Assuming  a  matched  system,  it  ie  possible  to  write 

P 

e2a  =  in 

p 

‘out 


where  is  the  power  incident  at  plane  1, 

Pout  18  the  power  at  2* 

Hence,  the  incremental  phase  sh^ft  is 


1 

C£  *  ~  - 


lost 


te. 


2  tan  E  Y 


out 


or  in  the  notation  of  the  text 


60 


2  tan  6  P. 


out 


(C.19) 


(C.20) 
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APPENDIX  D 


DBtfVATIOff  OF  METHOD  TO  MEASURE  DIELECTRIC  CONSTANT 
USING  RESONANT  INTERFEROMETER 
Hie  geometry  of  the  interferometer  is  shown  in  Figure  D.l. 


Lucite _ 
Coupler 


3 


\ 

-H-\ 

\ 


\ 


2 


i 


FIG,  D.l- -Schematic  diagram  of  interferometer. 


The  monochromatic  plane  wave  enters  at  1,  and  after  being  partially 
reflected  by  the  lucite  coupler  placed  at  45°  to  its  direction  of  pr  li¬ 
gation,  exits  at  2.  Two  flat  aluminum  reflectors  are  labeled  3  and  4-- 
3  being  fixed  and  4  movable.  Let  the  following  terms  be  defined  as 
S, g  *  complex  scattering  coefficient  from  1  to  2, 

^3  »  ^4  "  rejection  coefficients  of  reflectors  3  and  4 
respectively, 

L  *  distance  between  the  reflectors, 

1  *  transmission  coefficient  of  the  lucite  coupler, 

J7  =  reflection  coefficient  of  the  lucite  confer, 
a  +3°  p  complex  propagation  constant  of  the  wave  where  a 
represents  the  losses  suffered  by  the  wave,  such 
as  diffraction  loss  and  dielectric  loss  in  air  and 
is  not  necessarily  independent  of  L  . 
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os  fee  wittrs  as 


Ikta  Rf.  S.1,  tfce  scattering  coefCcf^at,  , 

-  *  ♦  [(J7>zrt«r3e'i<‘,*JP,t 

*  Ori^iy5****’  *  ...j ,  (d.i) 


SjMtiaa  (9.2)  cm  Be  j 


Ti  -  (t2  ♦  ya)r^«®Ja*a**,"j 
812  =  1'l  i  -  rfkt?<r*»»*  J 


(0-2} 


(0.3) 


Let  L  Be  the  distance  1 

a 

afiniian  Bar  the  aitadaa 


the  reflectors  tie*  msec  js^j 
L  i* 


l,:f  »-lA3.— ,  (0-*) 

si  ere  the  iBre  angle  of  aad  -  O  .  fl|prc  D.2  shoe;  the  Behavior 
of  [sj  as  a  lBrtlna  of  L  . 

Senae  a  length  6  Tor  vhlch 

l5^  (*•■ 4 IM*  *  I  (KJ  «  *  *  {E-5} 

■te«  *  !wi 

IsJ-n  *  1  Vi^H  **  iBuirftrCRter  is 

fhr  off  xesoneace. 

Sting  S^.  (D-3)  in  St.  (®-5)  aed  siapUIVi^,  ox  tt: ais 
^  j  1  -  (t2  «  r^lr^JcacpC-aot.^)  og(-j»)|^ 

|  1  -  ^jryjeurt-ao*.^  ««ri-ja6}  J 

j  1  ♦  (»a  *  r2)jr^«ap(-3Di,Mut)F  j~i  -  (t2  ♦ 

iD.c) 


-Ml- 


where 


arg  r3  +  arg  -  2&I»n  »  0  , 
arg  r3  +  arg  r4  -  20^  -  *  ,  and 
c-2a&  v  2.  is  assumed. 

For  simplicity  define  the  following: 


~x  4-  (t2  +  7a)|^r, 

1  +  t2|r3r4|e: 


[~i  +  (tg  +  7g)jrfitie«p(-atg>auc) 
s  *  !  sd  nax  *  *  X  +  tg|  r3ru|  exp(  -a a^) 

|s12|mln  tfi  -  (tg  +  ra)|^ru|exP(-aaLn) 
d*  Isi2l«ax*®l  1  -  ta!r^l«rf*«fc)  . 


Substituting  Eqs.  (D.7),,  (D.8),  and  (D.9)  into  Eq.  (D.6)  and  using  the 
law  of  cosines  gives 

fl  +  [V  +  >2)!r,r4  exp(-20Lp)12  -  g[(tg  +  y2)|r3rk|exp(-gaLa)]cos  9 1 
\  1  ♦  [t2|r3r,|exp(-saLn)]2  -  2[t2|r3r4lexp(-aaLn)]cos  e  J 

s2 

,  (1  +  d2)  ,  (D.IO) 

2t 

or  by  using  a  half -angle  formula,  Eq.  (D.IO)  becomes 

ffl  -  (t2  +  yg)|rflt|exp(-2aLn)l2  ♦  Mt2  ♦  r2)|r,rJexp(-2aLn)sln2(6/2)| 
\  [l  -  t2|r3ru|exp(-20Ln)]2  +  Ut2|r3r4|exp(-2oLn)sin2(e/2)  J 


;  (1  +  d2)  .  (D.ll) 


Solving  Eq.  (D.ll)  for  4  sin2(e/2)  yields 


A 

14  u .  A [>  - 

j2t2  _ [1  -  t2|r3r4|exp(-gaLK)]2  j  L _ 

|r3rJ«p(-aaijn)  j(t2  +  h  - 1-  d  +  **>]  } 
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(D.13) 


Substituting  Eq.  (D.8)  Into  Eq.  (D.  12)  gives 

2  s  ($t2)(i  -  a8)[i  -  t2|rjil|exp(-aoi,n)]2 

4  sin  **  **  11  1  n  1  r  oT J  ~  o  "  o  * 

2  !r3rjexp(.a£v'j_2(t2  +  r2)  -  s2(i  +  d2)J 


The  loss  suffered  by  a  wave,  when  making  a  ccwple  te  traverse  between  the 

reflectors  and  when  I»  -  L  ,  is  very  nearly  the  sane  as  when  L  =  L  ; 

n  max 

therefore 

f2  *  exp(-2ULn)  -  expC-aod,^)  .  (D.l4) 


And  for  convenience,  the  following  can  be  defined  as 

o2  *  (t2  y 2)  (D*15) 

a2  t  o2  -  S2  .  (D.l6) 

Using  Eqs.  (D.8),  (D.l4),  (D.15),  and  (D.l6),  and  simplifying,  Eq.  (D.13) 
finally  becomes 


4 


3  -  °2T2lr,rj]2 _ 1 _ 

/jiy-jj  a2[o2  +  s2  (1  +  d2)/(i  -  a2)]  * 


(D.17) 


Now  replace  the  aluminum  reflector  at  3  in  Fig.  D.l  with  a  dielectric 
reflector  that  has  the  same  shape  and  has  a  thickness  which  is  electri¬ 
cally  infinite.  Let  the  reflection  coefficient  of  the  dielectric  face 
be  T  «  It  can  be  assumed  that  ■  1  .  Using  these  definitions  and 

Eq,  (D.14),  Eq.  (D.8),  for  the  case  of  the  dielectric  reflector,  becomes 


1  -  o2t2|ri  1  +  t2T2irl 
1  -  t2T2tn  1  +  o2t2in  w 


(D.18) 


When  both  reflectors  are  aluminum,  it  can  be  assumed  *  1  ;  hence 

in  this  case,  Eq.  (D.8)  lb 


2  2  2  2 
1  -  a t  1  +  tV 


'  ,  .2  2 
1  -  t  T 


c2t 


(D.19) 


For  convenience, 


^0  can  be  defined  as 


ft 


if '  *  2  sin—  a2  + 


U  +  O 


U 


-o8) 


(D.20) 
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where  the  zero  subscript  indicates  tfcut  a  quantity  is  defined  for  the 
ca3e  In  which  both  reflectors  are  aluminum.  With  Eqs.  (D.l<*)  and  (D.20), 
Eq.  (D.17)  becomes 


*odo  1 


2  2 
a  x 


(D*21) 


With  the  above  preliminary  work,  it  is  now  possible  to  cclve  for  the 
index  of  refraction  of  the  dielectric  in  terns  of  the  measurable  experi¬ 
mental  quantities,  dQ  ,  ,  6Q  ,  and  by  using  Eqs.  (D.l8),  (D.19), 

and  (D.21).  The  index  of  refraction  is 


1  +  in 

1  -  iri 


(D.22) 


where  |  r|  is  the  negative  of  the  reflection  coefficient  of  the  dielectric. 
Rearranging  Eq.  (D,l8)  yields 


1  +  t  t  in 

2  2 

1  +  a r  in 


»r  1 


2  1  +  tVirl 
L  1  +  a2r2iri 


t2d. 


Substituting  Eq.  (D. 23)  into  Eq.  (D.22)  yields 

.2  2. 


(1  +  o2x2) 


A  +  t2x2in\ 


(1  +  t2x2) 


d^l  -  t2x2)  -  (1  -  o2x2) 


/1  +  t2t2in  \  ’ 

+  o2t2in  ) 


but  from  Eq.  (D.21),  one  finds  that 
,  22 


+oV  ' 


(D.23) 


(D.24) 


(C.25) 


and  fro’*.  Eq.  (D,19), 


i  +2  2 

1  -  t  T 


2  t>  2  2 

1  -  ci  1  +  t  V 


1  +  o2t2 


(D.26) 
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or-,,  hs£d£  (IL2£)Vj  3fc-  (^-36)  h&iares 


2  2  I  * 

*<8? - **• 

i»*t 


SdfcjtttufctoK  St-  (Jli^5))  as>fc  (JL2T^)  into  Hfe.  (OttLS^))  an*  ffi^ffaglag  give* 

r  A  r  4rt^2\^-H-a^:^iirj!\  J 

*«<&*  i  )  I 

»- - !  7  »«y7'  iaT"  •  {%aS)) 
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i>H  *  ons2 
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■aBrfthrrr  ig;  djpcHh^  t3X  rwi^i^frfTig;  Wb^.  (TTi  Pff)  to  ffi.  relative!*  fH  ren  i  e  ffqprttiltrr; 

Bjf'  nfrf  .Tf£  fri^rfC-  Tft®  reKUittog-  m^rgnrrfYtrP  jl  n  tCD— 

getherr  wi-tlt  x  mere  approximate  ©egression-  fear  rt  derived:  to  the  text,,  was: 
used,  to  calculate  tie  dlehaetrla  constant  ofT  the  nonlinear-  neraalrr.. 

TXn  litWttstlgatK:  the  tochOTS  i^iltirpT^.-irig-  trr  TfcQ-  (£L22))r  onrye  rrmr  diH*frne> 
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•  “** 

Atoflcn®  amt  auhtmacting;  ct^  to  tore  rigpu-hamn  a  lie  of  £g»  ($Iu2ji&})  xxaiim 


Dk“di 


r 

1  (tv 
IL 


<£_  -  £m  -  lie#  ’ 

<C*t.*)X0L  * 


The  transmtaaioir  egefiftoj-gntt  of'  the  tonihe  cauglmr  to  close  to  unthjft, 
amt  the  TmtHorr  andfcraiE  hy  m.  warm  to  ®  aingXe:  trwsrra*;  hetu^trr  the  tone 
neCEertane  to  ameEE,  Burthermare,,  the  indess:  of  recreation:  aiT  thee  dieLffo- 
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£  2t 

XL  -  ®  V  <*  L 


i  <k:IL  .. 


Kfuettom  ((OiSj))  carr  he  rewritten:  ts. 


■  -  W  ■ 


-  ICrfr  - 


and  using  the  assumption  of  Eq.  (£*32)  give3 


(D.35) 

With  Eqs. 

(D.31)  and  (D.32),  Eq.  (D.27)  becomes 

2  2  A*  t2A 

(D.36) 

or 

t(o2  -  t2)  =  i  (o2t2  -  1  ♦  «gr)  « 

(D.37) 

Using  Eq. 

(D.3U)  in  Eq.  (D.37)  yields 

t(o2  -  t2)  3  *J(1  -  d0)  . 

(D.38) 

Using  Eq. 

(D.33)  In  Eq.  (D.22)  gives 

in  -rTr^1-!' 

(D.39) 

or 

1  -  m  - 1 « 

(D.ltO) 

Now  with  Eqs.  (D.34),  (D.35),  (D.36),  (D.38),  (D.39),  and  (D.^O),  Eq.  (D.30) 
can  be  reduced  to 


(*yg)[i  -  (♦odot/a)](1  -  do)(aA0  1 

(2  -  *£a0»)[l  t  (X  -  )(1  -  2/a)]J 


(D.UX) 


Equation  (D.^l)  can  be  further  reduced  by  using  Eqs.  (D. 33 )  and  (D.35) 

2 

and  neglecting  the  term  in  *q  to  give 


-  do>  I 

2on[l  -  Uq/2v)^J 


(D.42) 


The  term  appears  in  the  definition  of  1/q  ,  Eq.  (D.20),  and 

should  also  be  investigated.  Equation  (D.l6)  defines  s^2  as 


2  q  2  . 
G  -  SQ 


2  2 
0  -  t 


(1  +  a2T2)2 

(T7??? 


(a2  -  t2)(l  -  a2t2«r^) 
,{1  +  t2T2)2 


(D.U3) 
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From  Eq.  (D.36)  one  obtains 


(o2  -  t2l  ^  (l  -  4.)  , 


(D.44) 


and  froia  Kqa.  (D.3^)  and  (D.36), 


(1  -  02tV*)  -  *^t(1  +  d0)  , 


(D.45) 


where  the  term  In  t^2  has  been  neglected.  Rearranging  Eq.  (D.36)  gives 

(D  .U6) 


(1  ♦  A2)  .  a  -  t2r2)(l  1  &1  f 


and 


♦0* 


2  2 

1  -  tV  a  -  **t  . 

0 


(Da47) 


Substituting  Eq.  (D.47)  into  Eq.  (D.46),  using  Eqs.  (D.3^)  ard  (D.35), 
2 

and  neglecting  the  term  in  Jq  yields 


(1  +  t  V)"2 


T - - - V-  (xA). 

[a  -  (’♦oVo)]  4  \  0  / 


(D.*8) 


Substituting  Eqs.  (D.44),  (D.U5)  and  (D.l<8)  Into  Eq.  (D. 43)  gives 


Vo2  f1  +  ^oV°)] 


a  -  o . 


(D.*»9) 


To  first  order,  **  o6q  ;  therefore,  substituting  Eq.  (D.49)  into 
Eq.  (D.20)  yields 


at  ?  sin  —  *  /I  + 
2 

2  2, 


+  VqK1 


(D.50) 


The  term  (l  +  0  X  )/t  in  Eq,  (D.28)  can  be  evaluated  with  Lqs.  (D*34) 
and  (D.35)  es 


LULL  2  -  W 


T  (i/ao)(2  -  ffcl) 


2j  .< 


(D.51) 
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Substituting  Eqs.  (D.29)  and  iP^l)  into  Eq  (i>.28)  yields 


*  w  -  v 


(D.52) 


where  these  terns  ere  defined  by  Bqs.  (D.50),  (D.l*2),  (D.9),  (D.15), 
respectively, 

09n 

♦6  =  2  8in 


’o  /  E  Poio)(1  +  do^‘ 

rv +  u 

f  ♦o^1  -  v  l 

D.  £  d,  <  1 - - n  >  , 

1  1  Son  1  -  (*q/2<>)JJ 


and 


a2  =*  (t2  +  72) 


Nov  eQ  is  small  and  a  is  close  to  unity,  hence,  Eq.  (D.50)  can  he 
written  as 


~  2a  sin 


2  V  ^ 

;ten  as 

V^o-v]- 


and  Eq.  (D.42)  can  be  written  as 

*'  1 

(D.54) 

With  Eqs.  (D.53)  and  (D.54),  Eq.  (D.^2)  can  be  finally  written  as 

(D.55) 


«oV  v 


where  n  -  index  of  refraction, 


*0  ’  ®o  / 

—  a  sin  —  .  /I  +  - - - - - t 

2a  2  V  4 
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v4-Stt-y|. 


An  expression  for  the  loss  tangent,  tan  6  ,  of  the  dielectric  will 
now  he  obtained.  The  complex  index  of  refraction  is  defined  as 

n«  =  n(l  -  jk)  ,  (D.56 

Ik 

where  k  is  the  index  of  absorption.  Von  Kippel  gives  tan  6  in 
terms  of  k  as 


which,  for  small  k  ,  reduces  to 

tan  6  ss  2k  .  (D.57) 

When  rationalized,  the  reflection  coefficient  of  the  dielectric  reflector 


n*  -  1  (n2  +  k2  -  1)  -  J2nk 


(n  +  l)2  +  n2^ 


With  Eq..  (D.57),  the  argument  of  r  is 


arg  T  a  arc tan  ■ 


Now  when  the  aluminum  static nary  reflector  in  iwed  and  when  the  inter¬ 
ferometer  is  resonant  (i.e.,  L  *  L^),  a  wave  undergoes  a  phase  shift  of 
2«  when  making  a  complete  traverse  of  the  interferometer  from  k  to  3 
and  back  to  k,  in  Tig.  D.l,  or 


20l*n  +  f  *  2n»t 


n  »  1,2,3,..., 


where  $  is  the  phase  shift  suffered  in  the  lucite  coupler.  However, 

when  the  dielectric  stationary  reflector  is  use*,  the  wave  undergoes 
additional  phase  shift  when  reflected  at  3;  hence  the  total  phase  shift 
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is  piv’en  by 


(D.61) 


2p *  f  *■  arg  r  =  2nx  n  «  1,2,3,..., 

where  I£  i»  the  resonant  spacing  with  the  dielectric  reflector. 
Subtracting  Bq.  (D.6l)  from  lq.  (D.60)  yields 

Sfjtfj  -  arg  T  *  0  , 

where 

All  *  L  -  L ' 
n  n 

Using  Sq.  (D.59),  Eq.  (D.62)  becomes 

tan  6  *  2n  ) 

where  0  a  2 */x  , 

n  «  real  part  of  the  complex  index  of  refraction. 


(D.62) 


(D.63) 
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APPENDIX  E 


ASSEMBLY  OF  CAVITT  USED  T5  IABGE-SIGKAL  MEASORBCSIiYS 

An  exploded-view  photograph  of  the  ports  as  they  fit  into  the  cavity 
Is  shown  in  Pig.  30*  A  photograph  of  the  assembled  cavity  holder  is  shown 
in  Fig.  29.  In  the  description  of  the  method  of  assembly,  all  letter 
references  are  made  to  Fig.  30. 

Before  assembly,  all  parts  should  be  carefully  cleaned,  the  coupling 
loops  should  be  inspected  under  a  microscope  to  Insure  that  the  end  of  the 
insulation  is  free  of  all  dirt  which  could  provide  an  arc  path.  The  di¬ 
electric  post  is  cleaned  with  Versene  as  described  on  page  15  of  Chapter  II, 
and  then  inspected  under  a  microscope  to  make  sure  that  the  metal  deposited 
on  the  ends  of  the  post  is  sti^j.  intact. 

First  the  two  gaskets,  shown  in  Fig.  27b,  are  put  on  the  lower  end 
of  the  cavity,  a  ,  with  high- temperature  grease.  They  are  Fade  from  a 
0.002"  sheet  of  polyethylene  and  serve  to  stop  the  SF^  from  bypassing 
the  cavity.  The  dielectric  post  is  put  on  the  end  of  the  center  conduc¬ 
tor  and  the  cavity  lowered  into  the  hole  bored  in  the  center  of  the  holder. 
The  locking  pins,  b  ,  are  then  screwed  in  so  that  their  ends  fall  onto 
the  flats  milled  In  the  side  of  the  cavity.  This  not  only  holds  the  cav¬ 
ity  in  place  but  also  insures  that  the  holes  in  the  side  of  the  cavity 
are  aligned  with  the  holes  in  the  locking  pine  through  which  the  coaxial 
lines  with  their  coupling  loops  will  be  inserted.  Next  the  beryllium 
copper  disk,  c  ,  is  stuck  to  the  end  of  a  glass  rod  with  a  small  amount 
of  rubber  cement  and  lowered  gently  into  place  on  top  of  the  cavity  vixh 
care  being  taken  not  to  dislodge  the  dielectric  post.  When  the  disk  is 
in  place,  the  glass  rod  is  moved  sideways  to  free  it  and  r*eruved.  The  set 
pin,  d  ,  can  now  bo  screwed  down  until  it  forces  the  disk  down  onto  the 
cavity  and  also  seals  the  gaskets  on  the  lower  end  of  the  cavity.  The 
coaxial  lines  with  the  coupling  loops,  e  ,  are  then  inserted  through  the 
locking  pins  ana  cavity  wall  so  that  the  plane  of  the  loops  ;  /ertical. 

The  tension  pin,  f  ,  is  screwed  into  the  set  pin,  d  ,  but  not  far  enough 
to  touch  the  disk,  c  Finally  the  whole  assembly  is  connected  into  a 
transmission  measurement  setup  and  brought  to  operating  temperature  in 
order  to  set  the  tension  on  the  disk  and  maximize  the  coupling.  The 
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measurement  setup  differs  from  that  of  Fig.  2  only  in  thau  3 -band  instead 
ot  X-band  equipment  is  used  and  that  the  10  db  output  coupler  is  replaced 
by  a  10  db  pad  between  the  20  db  coupler  and  the  holder.  The  crystal  that 
measures  the  transmission  is  put  directly  on  the  output  of  the  cavity. 
While  watching  the  transmission  trace  on  the  oscilloscope,  the  tension 
pin,  f  ,  is  very  slowly  screwed  down.  When  the  resonance  curve  has 
reached  its  maximum  amplitude  without  shifting  the  resonant  frequency, 
the  correct  setting  has  been  found,  since  the  disk  will  now  be  making 
good  contact  with  the  me tali zed  end  of  the  dielectric  post.  The  coupling 
is  then  maximized  by  changing  the  orientation  and  depth  of  penetration  of 
the  loops. 
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APPENDIX  F 


DETERMINATION  OF  FIELD  CURVATURE  IN  CERAMIC  SAMPLE 

In  Chapter  IV  the  electric  field  intensity  across  the  ceramic  sample 
Is  assumed  to  be  a  constant.  To  estimate  the  validity  of  this  assump¬ 
tion,  the  wave  equation  can  be  solved  for  the  region  in  the  dielectric 
where  the  cylindrical  coordinate  system  is  that  of  Fig.  F.l. 


FIG.  F.l- -Coordinate  system  for  cylindrical  post 
of  nonlinear  dielectric. 


Since  the  length  of  the  sample,  t  ,  is  small  compared  to  the  free  space 
wavelength  in  the  transmission  line  of  the  cavity,  the  electric  field 
can  be  assumed  constant  in  the  z -direction.  Let  EQ  be  the  electric 
field  intensity  at  r  *  0  ,  The  wave  equation  is 


where 


VA 


T  z 


A  > 


(F.l) 


VT2  is  ^he  Laplacian  operator  taken  with  respect  to  he 

transverse  coordinates, 

2  2  2 

v  -  >  +  * 

7  *  propagation  constant  in  the  z-direction 

,2  2 

k  »  a)  nQ€  K 
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hence  a  negligible  error  (i.e.,  leas  than  Z%)  is  introduced  by  assuming 

E  to  be  a  constant  from  r  *  0  to  r  *  a 
z 
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Dr.  P.J.B.  Clarricoats  1 
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Engineering 
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Northeastern  University  1 

Physics  Department 
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Philip  S.  Carter,  Jr,  1 

Stanford  Research  Institute 
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Dr,  E.  Nalos  1 
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Laboratory 
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SFD  Laboratories  1 
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Essex,  England 

University  of  Illinois  1 
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Attn:  P.  Coleman 

Columbia  University  1 

Radiation  Laboratory 
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University  of  Minnesota  1 

Electrical  Engineering  Department 
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Physics  Department 
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78,  Avenue  des  Temes-XVII 
ParlR,  France 


4 


Agency 


cc  Agency 


cc 
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Dr.  J.  G.  Linhart  1 
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TvOyal  Institute  of  Technology 
Stockholm,  Sweden 
Attn:  Care  of  the  Librarian 
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Research  Laboratory  of  Electronics 
Chalmers  Institute  cf  Technology 
Gothenburg,  Svecen 

H.  Okanobori,  Chief  1 
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The  Radio  Research  laboratories 
Ministry  of  Fot  ts  and  Tele* 
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Kokubunjl,  P.  0./  Koganei-shi 
Tokyo,  Japan 

Dr.  Gunter  Eck< 

Institut  fur  Theoretist-.-e  .  / 

Universitat 

Bonn,  West  Germany 

Max-Plank  Institute  of  Physics  1 
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Munich,  West  Germany 
Attn:  Care  of  the  Librarian 

Professor  G.  K.  Bneleus  1 

Queen's  University 
Belfast,  Northern  Ireland 

Dr.  J.  E.  Allen  1 

CNRN  Laboratono  Gas  Ionlzzati 
Instituto  di  Fisica  dell'  Universita 
Piazzele  delle  Scienze  5 
Rome,  Italy 

Dr.  Bertii  Agdur  1 

Microwave  Department 
Royal  Institute  of  Techno,  ogy 
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Central  Research  Laboratory 
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